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ABSTRACT
Annual ryegrass (Lolium multiflorum Lam.) is frequently grown on acid soils with 
potentially toxic levels of aluminum (Al). Interaction effects o f nitrogen (N) form and 
A1 on growth and nutrient relationships in ryegrass require further definition for 
environmental, biological, and economic reasons. Nutrient solution and soil experiments 
were conducted in growth chambers to determine interactive effects o f ammonium: 
nitrate (NH4:N 0 3) ratios and Al on growth, N absorption, nutrient composition, cation 
influx rate, and N use efficiency.
In nutrient solution studies, highest dry weights o f shoots were obtained when the 
two N forms were present in equal proportions, while highest dry weights of roots were 
obtained with 100% N 0 3-N. Weights o f both roots and shoots were lowered by A l. 
Aluminum increased the ratio o f K/(Ca+Mg) in the forage. The grass tetany potential 
o f the forage was high when NH4-N was 50% or more of the available N. Aluminum 
stimulated the absorption o f NH4-N and depressed the absorption of N 0 3-N. Influx rates 
o f Ca, Mg, and K decreased with increasing plant age and with increasing levels of 
NH4-N in solution. Significant positive correlations were found between influx rates and 
adsorption of Ca and Mg but not of K in the Donnan Free Space.
In soil experiments, maximum shoot growth was found at the highest lime rate 
when the two N forms were present in equal proportions, while maximum root growth 
was obtained at the highest lime rate and 100% N 0 3-N. Yields decreased as NH4-N 
exceeded 50% of the available N, and concentrations of Ca and Mg in the ryegrass 
decreased as the NH4-N level in solution increased, with both effects being greater at
lower lime rates. The ratio of K/(Ca+Mg) decreased with increasing lime rates and with 
increasing plant age. Total N uptake decreased when NH4-N was more than 50% of the 
available N, particularly at higher Al levels. Like yields, total N uptake increased with 
lime rate and decreased as NH4-N exceeded 50% of the N. The studies indicate that 
increasing exchangeable Al and NH4-N levels in soils significantly interact to depress 
yields and increase the grass tetany potential o f ryegrass.
v
CH APTER I
INTRO DUCTIO N AND L IT E R A T U R E  REVIEW  
INTRODUCTION
Annual ryegrass (Lolium multiflorum Lam.) is a very important cool-season forage 
grass grown in the southeastern U.S. (Riewe and Mondart, 1985). In acid soils, where 
annual ryegrass is grown, nitrogen (N) will mostly be present as a mixture o f nitrate 
(N 0 3-N) and ammonium (NH4-N). Under such conditions, pH changes in the root zone 
depend on the plant preference for NH4-N or N 0 3-N (Keltjens, 1987).
Although plant roots are thought to absorb NO,-N much more readily than NH4-N 
due to greater ion mobility, Lycklama (1963) reported that perennial ryegrass (Lolium 
perenne L.) absorbed NH4-N more readily than N 0 3-N and that NH4-N depressed the 
uptake o f N 0 3-N. However, this preferential absorption study did not consider the 
relative availabilty of the N forms. This preferential absorption process and its influence 
on plant mineral concentrations has not been investigated in annual ryegrass. 
Furthermore, the influence of the relative availability o f  each N source on this selective 
process is not well understood.
General responses of annual ryegrass to the two N forms have not been well 
characterized. Schrader et al. (1972) showed that yield o f nutrient solution-grown com 
could be enhanced by the simultaneous presence o f both N forms in the root 
environment, relative to either form alone. Cox and Reisenauer (1973) reported higher 
yields o f wheat with NH4-N plus N 0 3-N than with either source alone in a continuous 
flow culture system.
1
2The effect o f aluminum (Al) on N form preference in annual ryegrass also needs 
further definition. No attempt has been made to elucidate this effect in this forage crop. 
In a study earned out with sorghum, Keltjens (1987) reported an Al-induced stimulation 
of NH4-N uptake. This suggests a possible relationship between the presence o f Al in 
the external medium and a preferential absorption of NH4-N.
Nitrogen fertilization of forage is frequently accompanied by an increased incidence 
of grass tetany, a complex metabolic disorder of ruminant animals resulting from a 
deficiency of available dietary Mg (Robinson et al., 1989). High rates o f N fertilizer are 
commonly utilized with K fertilizers in order to increase yields o f grasses. In humid 
areas, high N rates have increased the concentrations of N and K in the forage, reduced 
the availability o f dietary Mg and increased the incidence of grass tetany.
The form of N applied has an important effect on the chemical composition o f a 
plant (Cox and Reisenauer, 1973). In general, NH4-N sources reduce the concentrations 
of Mg and Ca as compared to N 0 3-N sources. In fact, the NH4-N sources have been 
found to decrease the relative concentrations o f the divalent cations, Ca and Mg, more 
than the concentration of the monovalent cation K (Cox and Reisenauer, 1977). A 
forage K/(Ca + Mg) equivalent ratio higher than 2.2 is an indicator of greater incidence 
o f grass tetany (Kemp and 'tHart, 1957; Mayland et al., 1975). Nitrogen fertilization 
that results in higher K concentrations with little or no effect on concentrations o f Ca 
and Mg will increase the grass tetany potential of the forage. A better understanding 
o f the influences o f NH4-N and N 0 3-N on plant concentrations o f Mg, Ca, and K in 
annual ryegrass could help scientists to develop more effective fertilization practices to
overcome the incidence o f grass tetany. Urea is the cheapest and most prevalent form 
of N fertilizer available to farmers and provides plants with NH4-N, not N 0 3-N, 
especially during the cold portions of the growing season (the grass tetany season). Due 
to high production costs, less NH4N 0 3 is being produced.
The increasing need for effective utilization of N also justifies further research on 
N forms for ryegrass. Ryegrass is the major winter forage crop grown in Louisiana and 
much of the southeast U.S. It has a high N requirement and is grown during the months 
when rainfall levels may be high and evapotranspiration rates are low, creating a high 
potential for N losses from the soil due to leaching and/or denitrification. Forms o f N 
in the soil and forms o f N preferred by the crop greatly influence these N losses and 
subsequent N utilization efficiency.
The objectives of my dissertation were:
1) to determine the effects o f N forms (NH4-N vs N 0 3-N) and the relative supply 
o f each form on growth, N absorption and mineral composition o f annual ryegrass cv. 
Marshall.
2) to study the influence o f Al on the form o f N absorption by Marshall ryegrass 
in order to determine possible interaction effects between Al and NH4-N on Mg, Ca, and 
K adsorption in roots and uptake.
3) to integrate the results from solution culture and soil experiments to improve 
management strategies for reducing the grass tetany potential o f the forage and for 
increasing the efficiency o f N utilization by Marshall ryegrass.
4LITERATURE REVIEW
Nitrogen forms available to plants - Nitrogen (N) is the most growth-limiting factor 
controlling productivity of many cool-season grass species and is available to plants only 
when it is properly combined with oxygen or hydrogen in the inorganic or ionic forms 
o f nitrate (N 0 3) and ammonium (NH4) (Barber, 1984; Donahue et al., 1990). Lynch 
(1982), pointed out that N 0 3-N exists mainly as an ion in soil solution while most o f the 
NH4-N exists in clay-fixed and exchangeable forms, and very little is in the soil solution. 
According to Millar (1955), N 0 3-N is readily absorbed by most crops and is usually 
considered the most available o f the N salts. Ammoniacal N may also be used by 
different crops, especially during the earlier periods of growth. More recent studies have 
shown that N absorption depends on plant preference for either NH4-N or NO,-N (Ikeda 
and Osawa, 1981; McElhannon and Mills, 1978; Rengel and Robinson, 1989).
Bohn et al. (1985) stated that ammonium ions are much less mobile than nitrate 
ions and less likely to be lost through the process o f leaching. According to Stevenson 
(1982), much of the soil-derived N enters the plant as N 0 3-N. Complex biological and 
chemical processes make it the most prevalent ionic species of N throughout the rooting 
zone of warm, moist, well-drained soils. Ammonium is the main form o f N available 
to plants grown under conditions of poor aeration, such as submerged rice culture. 
Under these conditions, nitrification is significantly reduced and, moreover, any N 0 3-N 
that is formed or applied as fertilizer is subject to rapid loss through denitrification. 
Temperature also considerably influences the relative uptake o f the two N forms by 
affecting nutrient uptake kinetic parameters and sometimes influencing the conversion
of NH4-N to N O ,-N . Lycklama (1963), showed that absorption o f NH4-N was greater 
than NO3-N at low soil temperatures.
Plant yield responses to N forms - The form of N absorbed by a plant influences 
both its rate o f growth and the rate at which it absorbs other nutrient ions (Weir et al., 
1972). The physiological response o f annual ryegrass to the two N forms has not been 
well investigated. Lycklama (1963), showed some degree o f preference for NH4-N by 
perennial ryegrass (Lolium perenne L.L However, no attempt was made to relate these 
findings to the relative supply of the N forms.
Studies have shown the existence of synergistic effects o f the two N forms on 
yields o f different plant species, such as corn (Schrader et al., 1972), lettuce (W eir et 
al., 1972), tomato (Ganmore-Neumann and Kafkafi, 1980), and wheat (Cox and 
Reisenauer, 1973; Reisenauer, 1978). For example, Schrader et al. (1972) showed that 
yield o f solution culture-grown com could be considerably enhanced by the simultaneous 
presence o f both N forms relative to either form alone. Weir et al. (1972) found that 
the yield o f lettuce supplied with both N forms was approximately 160% of that supplied 
only with N 0 3-N. According to Ganmore-Neumann and Kafkafi (1980), much better 
growth o f tomato plants was observed in the presence o f NH4-N in the solution, 
compared with plants given N 0 3-N alone. Cox and Reisenauer (1973) reported higher 
yields o f wheat plants with N 0 3-N plus NH4-N than with either source alone. Hageman 
(1984) pointed out that mixtures of N 0 3-N and NH4-N salts usually support better plant 
growth than either form supplied separately. Some antagonistic effects have also been 
reported (Fried et al., 1965; Minotti et al., 1969).
Changes in rhizosphere pH associated with N source - The dominant role o f N 
source in plant induced changes of the rhizosphere pH is well known (Marschner et al., 
1986; Riley and Barber, 1969; Schaller and Fisher, 1985). When NH4-N represents the 
major N source, cation uptake generally exceeds anion uptake and H is released from 
the root to balance the charge, thus decreasing soil pH. However, when N 0 3-N is the 
major N source, anion uptake generally tends to exceed cation uptake and OH' or H C 03" 
is then released to balance the charge (Barber, 1984, Robson, 1989). According to 
Ganmore-Neumann and Kafkafi (1980), uptake of NH4-N is usually coupled with H+ 
enrichment o f the growth medium which may decrease the uptake o f divalent cations. 
In an experiment with wheat, Weinberger and Yee (1984), reported a significant degree 
o f alkalization o f the substrate in NO,-N fertilized plants and a acidification in NH4-N 
fertilized plants.
This interesting phenomenon has also been observed in annual ryegrass. Smiley 
(1974), showed that annual ryegrass plants reduced pH of the rhizosphere in NH4-N 
treated soil by 1.9 units more than in N 0 3-N treated soil. A similar quantitative 
observation with com seedlings (Zea mays L.) was made by Soon and Miller (1977).
The involvement o f N source in the tolerance o f plants to Al was initially examined 
with wheat (Foy and Fleming, 1982; Foy et al., 1965). Taylor and Foy (1985) suggested 
that Al tolerance of wheat cultivars grown in a mixed N system might be associated with 
a possible preferential uptake of NO,-N with subsequent plant induced rise of 
rhizosphere pH and reduction in Al solubility. Fleming (1983) observed that varieties 
o f wheat tolerant to Al tended to increase the pH of the nutrient solution in which they
were grown, while the Al-sensitive ones tended to lower the pH. According to Robson 
(1989), the mechanism of Al tolerance appeared to be that tolerant species were able 
to absorb some NO,-N in the presence of NH4-N, while sensitive plants took up 
relatively more NH4-N.
Nitrogen form preference - According to Barber (1984), some plant species prefer 
NO3-N while others prefer NH4-N. This preferential absorption process has not been 
clearly defined in annual ryegrass. The influence of the relative supply o f each N form 
on this selective process has not been determined. Noguchi (1968) and Stevenson 
(1982) pointed out that when a preference exists, it is often in favor of NH4-N early and 
NO3-N late in the season. Early growth o f corn plants is generally best with a 
combination o f the two N forms, with NH4-N being utilized preferentially for synthesis 
o f amino acids and protein (Schrader et al., 1972; Warncke and Barber., 1973).
According to Noguchi (1968), plants tend to absorb NH4-N more easily than N 0 3- 
N, when the two forms are present in equal concentrations in the nutrient solution. 
Ikeda and Osawa (1981) showed that strawberry plants absorbed NH4-N selectively as 
long as this form was present in the medium and consequently, solution pH decreased 
continuously. However, they observed that after plants had exhausted NH4-N in the 
solution, they began to absorb NO,-N and pH of the solution remained unchanged or 
rather increased. In a study with four annual ryegrass cultivars, Rengel and Robinson 
(1989) observed a similar physiological behavior. Further research is needed to 
elucidate the nature o f these selective processess in annual ryegrass cultivars and their 
relationships to other plant or environmental factors.
McElhannon and Mills (1978) pointed out that some plants have a N form 
preference at a particular stage in their development. Studies with some plant species 
(Hewit, 1966; Michael et al., 1970) have indicated that young plants absorb NH4-N more 
easily than N 0 3-N while the converse is observed as the plant ages. The relative supply 
o f each N form could also have a significant influence. In fact, McElhannon and Mills 
(1978) reported that in lima beans, dry weights o f all plant parts were consistently higher 
when NOj-N was 75% or more of the N. Spratt (1974) found that wheat (triticum 
aestivum L.) seedlings absorbed more NH4-N than N 0 3-N from soil solution containing 
both ions; however, later in their development this trend was reversed, with N 0 3-N 
being preferentially absorbed.
Ikeda and Osawa (1981), observed that preference between NH4-N and N 0 3-N in 
N uptake varied significantly among vegetables. They found that some vegetables 
absorbed N 0 3-N selectively irrespective o f solution pH while others absorbed NH4-N 
selectively, also irrespective o f the pH of the nutrient solution. However, in some 
special cases, this selective process was found to be pH dependent, since some 
vegetables predominantly absorbed either NH4-N or N 0 3-N at a neutral pH, but absorbed 
the two N forms almost equally at lower pH's. In general, it appears that N form 
preference depends on plant species.
Aluminum effects on N form preference - Little is known about the influence o f 
Al on N form preference in annual ryegrass. There is an increasing need for 
understanding this effect since this important forage crop is frequently grown on acid 
soils with potentially toxic levels of soluble Al which will limit plant growth. In these
acid soils, N will mostly be present as a mixture of NH4-N plus N 0 3-N (Robson, 1989). 
However, NH4-N is usually the predominant form due to the low rate o f nitrification at 
low soil pH’s and at low soil temperatures during much of the growing season.
In an experiment with sorghum, Keltjens (1987) reported an Al-induced 
stimulation in the absorption of NH4-M, suggesting a possible interaction between Al in 
the growth medium and preference in the form of N by these plants. The study o f Al- 
NH4 interactions in annual ryegrass is important because these two cations have similar 
effects on depressing Ca and Mg uptake when they act separately. Rengel and Robinson 
(1989a), showed that Al in nutrient solution decreased the amounts o f Ca and Mg 
adsorbed in the Donnan Free Space (DFS) of ryegrass roots. According to these 
researchers, highly charged Al ions can strongly bind to the negative charges o f root cell 
walls. Under these conditions o f reduced surface charge density, relatively more 
monovalent and less divalent cations would be attracted to the negative charges o f the 
cell walls. Rengel (1990) later showed that Mg uptake by ryegrass was directly related 
to Mg adsorption in the DFS.
Although many researchers suggest that there is no direct relationship between the 
adsorption o f ions in the DFS and accumulation o f ions in the cells, others have shown 
that ions from an exchangeable fraction can be absorbed, and that the ion concentration 
in the DFS, in the immediate vicinity o f active uptake sites, affects active accumulation 
o f essential cations (Rengel and Robinson, 1989b). The generally accepted opinion is 
that the adsorption o f cations on the fixed negative charges o f the root cell walls is not 
an essential step for ion transport through the plasmalemma into the cytoplasm (Haynes,
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1980; Marschner, 1986). However, it is reasonable to assume that the concentration of 
cations in the apoplast of root cells, rather than in the bulk solution, would influence all 
fluxes through this membrane. Some studies have shown that ions from the 
exchangeable phase o f roots can be taken up (Brouwer, 1959; Winter, 1961 Dalton, 
1984; Rengel, 1990).
Ammonium-N also depresses uptake o f divalent cations (Claassen and Wilcox, 
1974; Cox and Reisenauer, 1977; Ganmore-Neumann and Kafkafi, 1980). In an attempt 
to explain this phenomenon, Cox and Reisenauer (1977) associated a decrease in uptake 
with an NH4-N induced reduction of the level of diffusible organic anions within the 
plant root. The fact that NH4-N has sometimes been found to reduce N 0 3-N uptake 
(Lycklama, 1963) could also have been a reasonable explanation, since N 0 3-N stimulates 
Ca and Mg uptake (Robinson et al., 1989).
It appears from these views, that the mechanisms explaining reduction in uptake 
of divalent cations are different for these two ions (Al and NH4). Consequently, it is 
necessary to evaluate the joint effect of these ions on the concentration o f essential 
cations and to propose a mechanism for explaining the observed results. Since Al and 
NH4-N are both exchangeable cations, studying their joint effects on the adsorption o f 
cations in the DFS of ryegrass roots might be a reasonable approach.
Nitrogen nutrition in annual ryegrass and the grass tetany problem - Grass tetany, 
a Mg deficiency syndrome, has been recognized as one o f the major economic problems 
of ruminants grazing cool-season grass or cereal forages (Huang et al., 1990). It usually 
occurs in many regions of the world in the temperate zones and specifically on spring
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pastures under intensive management practices (Bohman et al., 1983). It is generally 
agreed that this disorder is due to a deficiency of blood serum Mg (hypomagnesemic 
tetany) in the affected animals resulting from a physiological drain o f Mg during 
lactation and from abnormally low Mg concentrations in the spring grasses (Wilcox and 
Hoff, 1974).
The tetanigenic forage consistently has a very low concentration o f Mg (less than 
2.0 g/kg of dry matter) and frequently has high concentrations o f total N, K, water and 
organic acids (Grunes et al., 1970; Mayland and Grunes., 1979). Kemp and 't  Hart 
(1957), indicated that a forage K/(Ca + Mg) equivalent ratio higher than 2.2 was 
associated with increased the incidence of grass tetany.
Magnesium uptake by plants is drastically reduced by high NH4-N concentrations 
in soils and nutrient solutions (Claassen and Wilcox, 1974; Cox and Reisenauer, 1977; 
Ganmore-Neumann and Kafkafi, 1980; Harda et al., 1968; Mathers et al., 1982; 
Moraghan and Porter, 1975; Weir et al., 1972). Conversely, NO,-N in soil solution has 
been shown to significantly stimulate the uptake o f Mg and to increase plant Mg 
concentrations (DeKock and Kirkby, 1969; Ganmore-Neumann and Kafkafi, 1980; 
Robinson et al., 1989).
According to Wilcox and Hoff (1974), NH4-N as the predominant source o f N for 
spring grasses is believed to be a possible causal factor of grass tetany. Robinson et al. 
(1987) found in a field study with Gulf ryegrass that, at equal N application rates, urea 
produced forage with lower Mg levels, and lower N 0 3-N levels than did NH4N 0 3, 
indicating less chance for grass tetany development in ruminant animals if  NH4NO, was
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the N source. A better understanding of N preferential absorption processes in annual 
ryegrass and the effects on forage mineral composition could help in the development 
o f effective management plans and strategies to reduce the incidence of grass tetany.
Nitrogen form preference and N utilization efficiency - An overall objective o f N 
fertilizer research is to improve the efficiency of plant use o f the applied N. Nitrogen 
use efficiency can be increased by improving plant use o f N and by reducing loss of 
plant-available N. Nitrogen recovery efficiency is often limited by the ability o f a crop 
to recover N that remains in a chemically available form in the root zone. According 
to Bock (1984), this may be due to a lower-than-optimum rate o f N absorption by roots. 
A better understanding of N form preference by the plant could help soil scientists 
improve N recovery efficiency.
According to Barber (1976), root density may have a greater effect on recovery 
o f NH4-N than NO,-N since NH4-N moves more slowly to roots. This is an important 
consideration when a nitrification inhibitor is used or when NH4-N fertilizer is applied 
in increments in phase with crop demand, resulting in a relatively large fraction of plant- 
available N being in the NH4-N form.
Nitrogen recovery efficiency may also be improved by reducing the fraction o f 
plant-available N that is lost from the root zone. Leaching, denitrification, 
immobilization, and NH4-N volatilization are the processes that result in loss o f plant 
available N. (Legg and Meisinger, 1982). Kurtz (1980) pointed out that the use of 
nitrification inhibitors to control transformation of N to N 0 3-N could lower leaching and 
denitrification losses.
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Ammonia volatilization from N fertilizers is associated with application o f 
ammoniacal or urea-containing fertilizers on the soil surface without immediate 
incorporation. In an experiment with annual ryegrass (Lolium rigidum Gaud.), 
Maschmedt and Cocks (1976) reported that yield from urea was lower and only 44% of 
the applied N was recovered in forage as compared with 88% from NH4N 0 3. In this 
case, main losses from urea were due to volatilization. In a field study with Gulf 
ryegrass, Robinson et al. (1987) pointed out that small, frequent applications provided 
more efficient utilization of the applied N than large and infrequent applications.
In this dissertation work, the following hypotheses will be tested:
1) Synergistic effects of NH4-N and NO,-N on plant growth parameters occur and 
the extent o f these effects are a direct function o f the relative proportions o f both N 
forms in the growth medium.
2) Aluminum interacts with N forms and influence some or all o f the parameters 
under study. Aluminum has some effect on N form preference.
3) Aluminum reduces the concentrations o f divalent cations in plants especially 
Mg, thus increasing the grass tetany potential of Marshall ryegrass forage.
4) Since Al and NH4-N are both exchangeable cations, they have a combined 
effect on the adsorption o f essential cations in the DFS of Marshall ryegrass roots.
5) The amounts o f cations in the DFS, in the immediate vicinity o f active uptake 
sites have a considerable impact on ion accumulation.
6) Nitrogen recovery efficiency is increased by the availability of more mobile N 
forms.
14
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CHAPTER II
IN TER A C TIV E EFFECTS OF AM M O N IU M :N ITR A TE RA TIO  
A N D ALUM INUM  ON YIELD, NITRO G EN ABSO R PTIO N  
AN D M INER AL CO M PO SITIO N OF ANNUAL RYEG RASS: 
A NU TRIENT SO LUTIO N STUDY
INTRODUCTION
Annual ryegrass (Lolium multiflorum Lam.) is an important cool-season forage 
grass grown in the southeastern U.S. (Riewe and Mondart, 1985). Exchangeable A1 is 
the major form of acidity in most of the acid mineral soils where ryegrass is grown, and 
ammonium (NH4) and nitrate (N 0 3) are the two major forms of N available for plant 
uptake. Interactions between these N forms and A1 in acid soils could influence plant 
growth, nutrient composition o f the forage, and N utilization efficiency.
Relative to N 0 3-N, NH4-N considerably reduces the concentrations of nutrient 
cations and increases the relative concentrations of anions in plant tissues (Kirkby and 
Hughes, 1970). The form of N in nutrient solutions significantly influences the solution 
pH. The pH tends to decrease in solutions where NH4 is the only N source. In contrast, 
the pH of solutions containing only NOr N rises to near or above 7 for many crops 
(Barber, 1984; Robson, 1989). Solutions containing both N forms usually have more 
stable pH and greater availability of other elements, such as P and micronutrients, which 
generally results in greater plant growth (Cox and Reisenauer, 1973).
Some studies have reported synergistic effects o f the two N forms on growth o f 
different plant species (Ganmore-Neumaann and Kafkafi, 1980; Schrader et al., 1972;
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Weir et al., 1972). Preferential absorption processes have been observed in many plant 
species. Noguchi (1968) and Stevenson (1982) indicated that when a preference exists, 
it is often in favor of NH4-N early and N 0 3-N late in the growing season.
The objectives o f this study were to determine the effects o f NH4:N 0 3 ratios, Al, 
and their interactions on nutrient solution pH, dry matter yield, N absorption, and 
chemical composition of annual ryegrass.
MATERIALS AND METHODS
The procedure used to germinate Marshall ryegrass seeds in this study was, with 
minor exceptions, similar to that described by Rengel and Robinson (1989b). Six days 
after commencement of germination, 14 uniform seedlings were mounted in holes in 
acrylic covers, and placed over 2.7-L plastic pots previously filled with 2.5 L of 
Hoagland's and Amon's nutrient solution. The composition o f the solution (minus N) 
in umol/L was: Ca, 1018; Mg, 700; K, 638; H2P 0 4-P, 157; S 0 4-S, 1860; Na, 86; Cl, 50; 
Fe, 14; B, 42; Mn, 8; Mo, 0.2; Zn, 0.9; and Cu, 0.5. Iron was supplied as ferrous 
ethylenedinitrilotetraacetic acid (FeEDNTA) prepared from equimolar amounts o f 
Na2EDNTA and FeS04*7H20 . Nitrogen at a concentration of 2.0 mM was added to the 
nutrient solutions in equal proportions of both N forms. Plants were allowed to undergo 
additional growth for 8 days before experimental treatments were imposed.
Two Al levels (0 and 74 umol L '1) were added 14 days after commencement of 
gem ination by directly weighing A12(S 0 4)3*18 H20  into the nutrient solution. Nitrogen 
at 8 mM was added at five NH4:N 0 3 mmolar ratios (0:8, 2:6, 4:4, 6:2, and 8:0). The 
sources o f N 0 3-N and NH4-N were Ca(N 03)2*4H20  and (NH4)2S 0 4, respectively. A
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nitrification inhibitor (Dycyandiamide) was added to the standard N solutions at a 
concentration o f 2.5 g L '1.
The pH of all nutrient solutions was initially adjusted to 4.2 with 0.1 N HC1 and 
was subsequently monitored daily with a Beckman-10 pH meter, but not readjusted. 
Plants were grown in a growth chamber with environmental conditions similar to those 
described by Rengel and Robinson (1989b). Daily temperature fluctuations were 
continuously monitored with a recording thermograph. Nutrient solutions were 
vigorously aerated throughout the study. Distilled water was added daily to replace 
water lost by transpiration and evaporation. At the beginning of the treatments, as well 
as every 3 days until the termination of the experiment, samples o f nutrient solution 
were taken from each pot and analyzed for NH4-N and NOr N by steam distillation 
(Bremner, 1965) and verified whenever possible with an NH4-N analyzer.
After 9 d o f Al exposure, 10 plants were harvested from each pot and the nutrient 
solutions and Al treatments were renewed. Nitrogen was then added to the fresh 
solutions at ratios equal to those determined in the old solutions, at the concentrations 
existing just prior to the renewal of the solutions.
To measure cations bound in the Donnan free space (DFS), intact roots o f 23-day- 
old plants (9 d Al exposure) were washed for 5 s in each of two containers o f 7 L of 
distilled water. Roots were gently blotted between 2 sheets of Whatman No. 41 filter 
paper and immersed in 200ml o f 1.0 M NH4OAc desorbing solution adjusted to pH 7.0 
for 5 min, after which 5 ml o f the desorbing solution were analyzed with an ART 34000
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inductively coupled plasma emission spectrometer (ICPES). Root length was determined 
using a modified line intersect method (Tennant, 1975).
After cation desorption, roots and shoots were washed three times in distilled 
water, gently blotted, dried at 60 °C for 48 h, weighed, and digested in concentrated 
H N 03 for 4 h at 130 °C. Chemical analyses o f digests were obtained using the ICPES. 
Total N was determined by a micro-Kjeldahl method (Bremner, 1965).
On day 15 after imposing treatments, an additional 0.12 mM L-l H2P 0 4-P and 0.8 
mM L '1 K were added to each pot in order to prevent deficiencies o f these nutrients. 
The remaining 4 plants were harvested from each pot after 18 d o f Al exposure (32 day- 
old plants). The same determinations and chemical analyses as those at the first harvest 
were performed.
The experiment was conducted in a completely randomized design with a split-plot 
arrangement o f factorial treatments and three replicates. Factorial combinations of 
NH4:NO, ratios and Al levels represented the main plot factor and age at harvest the 
sub-plot factor. After the initial randomization scheme, pots were rearranged within the 
growth chamber every two days to minimize positional effects and reduce bias in the 
estimation of the treatment means. Analysis of variance and mean separation tests were 




Dry matter production - Dry matter yield data are presented in Table 2.1. 
However, relative growth (RG) was calculated to show more clearly the relative effects 
o f the different NH4:N 03 ratios on ryegrass growth. Treatment effects are more obvious 
when RG is used. The magnitudes and rates of change in growth as a result of N form 
effects are seen most clearly when data are expressed as percentages o f the maximum 
yield. For these reasons, my discussion on dry matter production will focus on RG.
Data in Table 2.1 show that trends in the effects o f NH4:N 03 ratios on relative 
shoot growth were similar with and without Al. Trends, in general, were also similar 
at the two growth stages. In younger plants, maximum relative shoot growth was 
obtained with 50% NH4-N, while in older plants, maximum relative shoot growth was 
obtained with 25% NH4-N. In younger plants, relative shoot growth significantly 
decreased from the maximum value to 40 and 41% of the maximum value with 100% 
NH4-N with and without Al, respectively (60 and 59% decreases). However, growth 
decreased to 70 and 63% of the maximum value with 100% N 0 3-N, with and without 
Al, resulting in 30 and 37% decreases in shoot growth, respectively.
Ammonium-N excesses generally produced morphological and physiological 
disorders in plants. Greater decreases in shoot growth with increasing proportions o f 
NH4-N than o f N 0 3-N in solution (from the maximum value with 50% NH4-N) could 
have been due to toxic reactions associated with high shoot amide levels or increased 
concentrations of unassimilated NH4-N in shoot tissue (Gill and Reisenauer, 1993).
Table 2.1. Shoot and root dry weights and relative growth indexes of Marshall ryegrass at two growth stages as influenced by A l 
and by NH4:N 03 ratios in nutrient solution.
Plant age, 23 d
Shoots Roots
NH ,:NO,
ratios dry wt RG+ ATI* dry wt RG ATI
-------A l level, umol L '1---------- ------------- A l level, umol L '1------
0 74 0 74 0 74 0 74
mg (10 plants)'1 ------------ — % --------- % mg (10 p lants)1 --------- % „ ------- %
0:8 1053c* 830b 63c 70b 79a 360a 147a 100a 100a 41d
2:6 1337b 1040a 80b 88a 78a 223b 113b 62b 77b 51c
4:4 1670a 1183a 100a 100a 7 lab 163b 117b 45b 80b 71a
6:2 897d 740b 54d 63b 82a 97c 63c 27c 43c 65b
8:0 693d 477c 41d 40c 69b 57c 23d 16c 16d 41d
Plant age, 32 d
Shoots Roots
NH/.NO,
ratios dry wt RG+ ATI dry wt RG ATI
------A l level, umol L '1---------- -------------A l level, umol L '1-----
0 74 0 74 0 74 0 74
mg (4 plants)-1 ------------ % ---------- % mg (4 plants)'1 --------- % ~ ------- %
0:8 3353b 1910c 81b 52c 57b 1060a 910a 100a 100a 86a
2:6 4143a 3707a 100a 100a 89a 917b 717b 87b 78b 78b
4:4 3230b 2800b 78b 76b 87a 617c 440c 58c 48c 71c
6:2 2517c 1283d 61c 35d 51b 263d 163d 25d 18d 62d
8:0 1473d 883e 36d 24e 60b 123e 43e 12e 5e 35e
t  Relative growth or percentage o f  the maximum yield  obtained in solutions containing similar A l concentrations. 
tA T I refers to aluminum tolerance index (the weight produced with A l +  weight produced without A l)  X  100
§M eans follow ed by the same letter within a colum n are not significantly different at the 0.05 level o f  probability according to the Bonferroni test for 
factorial combination means.
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Ammonium-N may have also decreased Mg uptake, thus decreasing the 
photosynthetic activity (Joseph et al., 1976). Depletion of shoot carbohydrate reserves 
could have been another reason for shoot growth supression (Spratt and Gasser, 1970). 
In general, shoot growth decreases were of similar magnitude at each Al level.
In older plants, shoot growth significantly decreased from the maximum value with 
25% NH4-N to 24 and 36% of the maximum value with 100% NH4-N, with and without 
Al, respectively (76 and 64% growth decreases). These interesting results indicate that 
shoot growth decreased somewhat more rapidly with complete NH4-N nutrition in older 
than in younger plants. In general, decreases in shoot growth were o f greater magnitude 
with than without Al. Shoot growth significantly decreased to 52 and 81% of the 
maximum growth with 100% N 0 3-N in solution with and without Al, respectively (48 
and 19% growth decreases). These data, which show that shoot growth decreased more 
rapidly with 100% NO,-N in the presence of Al than in its absence, indicate that 
complete N 0 3-N nutrition would not be beneficial for shoot growth on an acidic 
medium. The reduced shoot growth with Al and 100% N 0 3-N could have been due to 
Al-induced reductions in N intake in the N 0 3-N form. Keltjens (1987) reported severe 
reductions in shoot growth of sorghum plants with Al and 100% N 0 3-N, relative to 
control plants (without Al). His observation was consistent with severe reductions in 
uptake of N 0 3-N due to external Al.
The synergistic effects o f the two N forms on shoot growth could have been due 
to a more stable solution pH, resulting in enhanced uptake o f phosphorus and 
micronutrients and thus enhanced growth. It is also possible that the two N forms
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increased leaf protein concentration as well as the rate of C 0 2 assimilation. These 
synergistic effects are in agreement with those reported for various crops (wheat, 
Triticum aestivum L, rye, Secale cereale and triticale, X. triticosecale Wittmack , 
Gashaw and Mugwira, 1981).
The fact that the maximum relative shoot growth was obtained at the 2:6 NH4:N 0 3 
ratio in older plants suggests some preference for N 0 3-N by Marshall ryegrass at more 
advanced stages o f development. This result is in agreement with findings reported by 
McElhannon and Mills (1978), who found that shoot growth o f lima beans fPhaseolus 
lunatus L.) was consistently higher when N 0 3-N was 75% or more of the available N, 
particularly at more advanced stages o f development. The positive effects o f N 0 3-N on 
shoot growth observed in my investigation could have been due to N 0 3-induced 
increases in concentrations of nutrient cations such as Mg and Ca. Increases in Mg 
concentrations could have increased the photosynthetic activity, thus enhancing shoot 
growth.
The effects o f NH4:N 03 ratios on relative root growth were also similar at each 
growth stage, with and without Al (Table 2.1). Maximum root growth was consistently 
obtained with 100% N 0 3-N and decreased with increasing proportions o f NH4-N in 
solution. In younger plants, RG (but not dry weight) o f roots was higher in the presence 
than in the absence of Al at all NH4:N 03 ratios except 8:0 where values were the same. 
In older plants, RG of roots was consistently higher in the absence o f Al at all NH4:N 0 3 
ratios. This result could be due to longer Al exposure.
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Data in Table 2.1 also show that, regardless of plant part, growth stage or Al level, 
RG of Marshall ryegrass was always higher with 100% N 0 3-N than with 100% NH4-N 
in solution. This could be related to toxic effects o f NH4-N. The adverse effects of 
complete NH4-N nutrition on Marshall ryegrass growth appeared to be more obvious in 
older plants in the presence of added Al. It can also be observed that the beneficial and 
deleterious effects o f 100% N 0 3-N and 100% NH4-N, respectively, on Marshall ryegrass 
RG were more evident in roots than in shoots.
The positive influences o f N 0 3-N nutrition on the development o f com root 
systems have already been reported (Schrader et al; 1972). In my experiment, N 0 3-N 
could have increased the uptake of Ca, which is an important nutrient for the 
development of meristematic tissue (Marschner, 1974). Any deleterious Al effects on 
root growth observed in my experiment could have been related to the fact that the Al 
toxicity mechanism is located in the root apical meristems and operates in a manner that 
inhibits cell division and elongation (Hecht-Buccholz and Foy, 1981; Foy, 1984; Haug, 
1984; Lee and Pritchard, 1984).
Aluminum tolerance indexes (ATI), the yields obtained with Al divided by the yields 
obtained without Al, were calculated to better show effects o f Al on growth at the 
various NH4:N 03 ratios. Significant differences among ATI indicate that Al tolerance 
o f the ryegrass varied with changes in the NH4:N 03 ratios and indicate an interaction 
effect o f Al and N form.
Aluminum tolerance indexes o f shoots of younger plants were difficult to interpret. 
Maximum ATI (82%) was found at the 6:2 NH4:N 03 ratio, but it did not significantly
differ from those at the 0:8, 2:6, and 4:4 NH4:N 03 ratios. The lowest ATI (69%) was 
found at the 8:0 NH4:N 03 ratio, but it did not significantly differ from that at the 4:4 
NH4:N 03 ratio. The variability among ATI o f shoots was relatively low. These results 
suggest that in younger plants, similar shoot growth rates would be expected at all 
NH4:N 0 3 ratios under Al stress. These results could be related to the fact that Marshall 
is an Al-tolerant cultivar. In older plants, ATI of shoots was significantly higher at the 
2:6 and 4:4 NH4:N 0 3 ratios (89 and 87%, respectively) than at any other ratios. These 
results, which reflect an interaction effect o f N form and Al on shoot growth suggest 
that at advanced stages o f growth, Marshall ryegrass was able to maintain high shoot 
growth rates under Al stress when the two N forms were present in equal proportions 
in solution. The variability among ATI o f shoots was higher in older than in younger 
plants, probably due to longer Al exposure.
Statistically significant differences in ATI o f roots among the five NH4:N 0 3 ratios 
indicate an interaction between N form and Al. In younger plants, ATI of roots 
significantly increased with increasing proportions o f NH4-N in solution up to 50%, 
where the maximum ATI (71%) was obtained. The indexes significantly decreased 
when the proportion o f NH4-N in solution exceeded 50% of the available N. The lowest 
ATI was obtained at the 0:8 and 8:0 NH4:N 03 ratios (41% in both cases), indicating that 
with either 100% NH4-N or NO,-N, root growth with Al was only 41% of that obtained 
without Al. The fact that the ATI at the 8:0 NH4:N 03 ratio was the same as that at the 
0:8 ratio, and that maximum ATI was obtained at the 4:4 NH4:N 0 3 ratio, suggests that 
Marshall ryegrass can sustain higher root growth rates in the presence o f Al if  the two 
N forms are present in equal proportions in solution.
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Aluminum tolerance indexes of roots showed different patterns at the two growth 
stages. In older plants, maximum ATI (86%) were found in roots grown with 100% 
N 0 3-N and significantly decreased with increasing proportions o f NH4-N in solution. 
The lowest ATI (35%) was found in plants grown at the 8:0 NH4:N 0 3 ratio. The 
maximum ATI at the 0:8 NH4:N 03 ratio indicated that at a more advanced stage of 
growth, Marshall ryegrass was able to maintain the highest root growth in the presence 
o f Al when grown with complete N 0 3-N nutrition. This result implies that for Marshall 
ryegrass, applications of N in the NH4-N form should be avoided to prevent root growth 
supression on highly acid soils.
Aluminum tolerance indexes of roots were generally lower than those of shoots 
at both growth stages, an expected result, since roots are generally more adversely 
affected by Al than are shoots. The ATI o f roots was more variable than those o f 
shoots at both growth stages, indicating that there was more variability in the Al effect 
on roots, regardless of plant age. Mean separations for ATI indicated that the additive 
effect o f NH4-N and Al was statistically significant in roots.
Root length - The analysis of variance o f root length data indicated a highly 
significant (p < 0.01) N form x Al interaction effect. The other interactions were not 
statistically significant. In general, root length and root dry weight data showed similar 
responses to NH4:N 03 ratios and to A 1. At each Al level, root length decreased as the 
proportion o f NH4-N in the solution increased (Table 2.2). Maximum root length was 
obtained with plants grown without Al at the 0:8 NH4:N 03 ratio, while the lowest root 
length was obtained when plants were grown with Al at the 8:0 NH4:N 0 3 ratio, 
suggesting an interaction effect between N form and Al on root length. These findings
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Table 2.2. Total root length of Marshall ryegrass as influenced by Al and by NH4:N 03 ratios 
in nutrient solution.
Root length Relative length*
  — A l level, umol L '1--------------  A l tolerance
NH,:NO, 0 74 0 74 index4 3 ------------------------------------  ------------------------------------
mmolar
ratios
— cm(plant)'1— -----------%_ -------- %
0:8 1505a* 1328a 100a 100a 88b
2:6 1184b 1145b 79b 86b 97a
4:4 1104b 909c 73b 68c 82bc
6:2 840c 63 Od 56c 47d 75c
8:0 449d 139e 30d lOe 3 Id
fRelative length o f roots = root length as a percentage of the maximum root length. 
fM eans followed by the same small letter within a column are not significantly different at 
the 0.05 level of probability according to the Bonferroni test for factorial combination means.
Values in the table are means o f three replications and two growth stages.
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are in agreement with those presented by Keltjens (1987) who reorted a severe 
reduction in total root length o f sorghum f Sorghum bicolor L. Moench) plants grown 
with Al and 100% NH4-N nutrition.
Several studies have indicated that in the presence of Al, plants have a less 
developed root system and total root length is lower than that o f corresponding controls 
(Sorghum. Sorghum bicolor L. Moench, Galvez and Clark, 1991; Keltjens, 1987: Holcus 
lanatus L, McCain and Davies, 1983; Rorison, 1985). The severe reduction in total root 
length in the presence of both Al and a high proportion of NH4-N in the solution 
reported in my study was likely the result of a higher Al activity in solution due to 
decreases in pH associated with NH4-N uptake from the nutrient solution.
Trends in the NH4:N 03 ratio effects on relative root length were very similar with 
and without Al (Table 2.2). Maximum relative root length was obtained in plants grown 
at the 0:8 NH4:N 03 ratio, with and without Al, and the lowest relative root length was 
obtained at the 8:0 NH4:N 03 ratio. In the absence o f Al, relative root length generally 
decreased with increasing proportions of NH4-N in solution, but relative root lengths at 
the 2:6 and 4:4 NH4:N 0 3 ratios were not significantly different. In the presence o f Al, 
however, each successive increase in the proportion o f NH4-N in solution significantly 
decreased relative root length. The decreases in root length were o f greater magnitude 
with than without Al.
Aluminum tolerance indexes were significantly different, indicating that Al effects 
on root length depended on the interaction with N form. Maximum ATI (97%) was 
found at the 2:6 NH4:N 0 3 ratio and was significantly higher than that at any other ratio,
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indicating that Marshall ryegrass was able to produce more root length under Al stress 
when NH4-N was 25% of the available N. The lowest ATI (31%) was found at the 8:0 
NH4:N 03 ratio, significantly differing from that at the other ratios and indicating that the 
adverse Al effect on root length was most pronounced with 100% NH4-N.
The observation that the ATI at the 4:4 NH4:N 03 ratio did not significantly differ 
from that at the 0:8 NH4:N 03 ratio, but significantly differed from that at the 8:0 
NH4:N 03 ratio, suggests that the presence o f the two N forms in equal proportions in 
solution was more beneficial than the presence of only NH4-N, but it was not more 
beneficial than the presence of only N 0 3-N. These results confirm the beneficial effects 
o f N 0 3-N on root growth and development of Marshall ryegrass and indicate the nature 
o f the N form x Al interaction effects on root length.
Nitrogen concentrations in shoots and roots - The analysis o f variance o f total N 
concentration in shoots revealed a highly significant (p < 0.01) N form x age interaction. 
The remaining interactions were not statistically significant (p > 0.05). Total N 
concentrations in shoots decreased with age at all NH4:N 03 ratios except 2:6 (Table 2.3). 
In general, total N concentrations in shoots decreased as the proportion o f NH4-N 
increased, at the more advanced stage of development. This effect was significant in 
younger plants only at the 8:0 NH4:N 0 3 ratio. These results are in disagreement with 
those reported by Kirkby (1968) and Ferguson and Bollard (1969) who observed that 
Spirodella plants given NH4-N had higher concentrations of total N. However, Keltjens 
(1987) found small reductions in total N in sorghum plants associated with increases in 
NH4-N in the nutrient solution.
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Table 2.3. Total N concentrations in shoots of Marshall ryegrass at two growth stages as 
influenced by NH4:N 03 ratios in nutrient solution.
N H -N O , Growth Stage







tA t each age, means due to NH4:N 03 ratio followed by the same small letter within a column 
are not significantly different at the 0.05 level of probability according to the Bonferroni test 
for factorial combination means.
^A t each NH4:N 03 ratio, means due to age followed by the same capital letter within a row 
are not significantly different at the 0.05 level of probability according to the Bonferroni test 
for factorial combination means.
Values are means o f three replications and two A l levels (6 observations/mean).
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McElhannon and Mills (1978) found that the greatest accumulation o f N in shoots 
and roots occurred when N 0 3-M constituted 50% or more o f the N. Bernardo et al. 
(1984), on the other hand, reported that N concentrations in leaves and roots of sorghum 
were not significantly affected by N 0 3:NH4 ratios or plant age. It is possible that 
ryegrass shoots were unable to detoxify NH4-N and incorporate it into organic N. A 
more pronounced decrease in shoot N concentrations in older plants suggests that this 
detoxification ability might decrease with age.
The analysis o f variance o f total N concentrations in roots revealed a significant 
(p < 0.05 ) N form x Al interaction effect. The other two-way interactions and the 
three-way interaction were not significant (p > 0.05 ). Total N concentrations in roots 
decreased as the proportion of NH4-N in the nutrient solution increased (Table 2.4). The 
nature of the N form x Al interaction was not quite evident since, in general, the 
concentrations o f N found in roots were very similar at the two Al levels and at all 
NH4:N 03 ratios. However, in plants grown with Al, the lowest concentration o f N was 
found at the 6:2 NH4:N 03 ratio whereas plants grown without Al contained the lowest 
concentration o f N at the 8:0 ratio. Table 2.4 shows that Al was associated with 
increased total N concentration in roots at the 8:0 NH4:N 03 ratio and with decreased 
total N concentration in roots at the 6:2 NH4:N 0 3 ratio. Gashaw and Mugwira (1981) 
pointed out that total N in roots was less affected by NH4:N 03 ratio than that in shoots 
o f triticale, wheat, and rye plants,, presumably because of translocation o f N from roots 
to tops.
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Table 2.4. Total N concentrations in roots o f Marshall ryegrass as influenced by A l and by 
N H ‘NO. ratios in nutrient solution.4 3
NH4:N 03 Al in solution, umol L '1
mmolar ratio 0 74






tA t each Al level, due to NH4:N 03 ratio means followed by the same small letter within a 
column are not significantly different at the 0.05 level o f probability according to the 
Bonferroni test for factorial combination means.
$At each NH4:N 03 ratio, A l means followed by the same capital letter within a row are not 
significantly different at the 0.05 level of probability according to the Bonferroni test for 
factorial combination means.
Values are means o f three replications and two growth stages (6 observations/mean).
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The finding that roots o f annual ryegrass plants grown with relatively high 
proportions o f NH4-N were lower in total N concentrations suggested that roots o f this 
cultivar were not able to detoxify NH4-N by directly incorporating it into organic N 
(Schrader et al., 1972). Since the lowest root N concentrations were found at the highest 
proportions o f NH4-N regardless o f Al level, it might be inferred that Al did not greatly 
affect N metabolism in Marshall ryegrass roots.
Nitrogen content and total N uptake. - The analysis o f variance o f total N content 
in shoots and roots revealed a significant (p < 0.05) N form x Al interaction effect. The 
three-way interaction, N form x Al x age was also significant (p < 0.05), indicating a 
different pattern o f the N form x Al interaction at each growth stage. Regardless of 
NH4:NO, ratio or Al level, total N contents in shoots and roots increased with plant age 
(Table 2.5).
Shoot N contents were consistently higher than root N contents. This result 
suggests that Al did not significantly interfere with N translocation in Marshall ryegrass, 
which is inconsistent with findings reported in sorghum by Galvez and Clark (1991). 
These discrepancies could have been due to different effects of Al levels, since these 
researchers used a higher Al concentration (300 umol/L), or due to differences in N 
metabolism between the two types o f plants.
Considerable inconsistencies in the pattern of the NH4:N 0 3 ratio effect on shoot 
N contents were observed. It can be seen (Table 2.5) that in younger plants the highest 
shoot N contents occurred at 100% NH4-N nutrition without Al and at the 6:2 and 8:0
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Table 2.5. Total nitrogen content in shoots and roots of Marshall ryegrass at two growth 




23 d 32 d
Total
N
uptakeShoots Roots Sum Shoots Roots Sum
------ mg(10 plants) -i --------- mg(4 p lan ts)1' mg
0 Al in solution
0:8 27.4b+A* 7.8aA 3 5.2b A 126.OaA 23.3aA 149.3aA 184.5a A
2:6 15.3cA 4.7aA 20.0cA 107.IbA 17.4abA 124.5aA 144.5abA
4:4 18.6cA 3.3abA 21.9cA 133. laA 12.0bA 145.1aA 167.0aA
6:2 24.9bB 1.7b A 26.6cB 86.5cA 5.1cA 91.6bA 118.2bA
8:0 47.6aA 0.6bA 48.2aA 35.8dA l.lc A 36.9cA 85.1cA
74 umol L■' Al in solution
0:8 18.4bB 3.2aB 21.6bB 93.7bB 19.4a A 113.laB 134.7aB
2:6 11.2cA 2.5a A 13.7bB 110.7a A 15.3aA 126.0aA 139.7aA
4:4 14.5bcA 2.3aA 16.8bA 116.5aB 8.0bB 124.5aB 141.3aB
6:2 38.2aA 0.5a A 38.7aA 45.0cB 1.6cA 46.6bB 85.3bB
8:0 35.6aB 0.4aA 36.0aB 21.5dB 1.8cA 23.3bB 59.3cB
+At each A l level means due to NH4:N 0 3 ratio followed by the same small letter within a 
column are not significantly different at the 0.05 level o f probability according to the 
Bonferroni test for factorial combination means.
:£At each NH4:N 0 3 ratio, A l means followed by the same capital letter within a column are 
not significantly different at the 0.05 level of probability according to the Bonferroni test for 
factorial combination means. Values are means of three replications. Nitrogen added was 
280 mg.
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NH4:N 03 ratios with Al. In older plants highest shoot N contents were found in plants 
grown at the 4:4 ratio without Al, but they did not significantly differ from those with 
100% NQ3-N. At the same growth stage, highest shoot N contents in plants grown with 
Al were also found at the 4:4 NH4:N 03 ratio, but not significantly differing from those 
at the 2:6 ratio. In younger plants, Al significantly decreased shoot N content at the 0:8 
and 8:0 NH4:N 03 ratios and significantly increased shoot N content at the 6:2 NH4:N 0 3 
ratio. In older plants, Al decreased shoot N contents at all NH4:N 03 ratios except 2:6.
The effects o f NH4:NO, ratios on root N contents were more consistent. In 
general, root N contents decreased with increasing proportions of NH4-N in the nutrient 
solution, the affect being greater in older plants. In younger plants, Al significantly 
decreased root N content only at the 0:8 NH4:NO, ratio, while in older plants, Al 
significantly decreased root N content only at the 4:4 NH4:N 0 3 ratio.
A direct relationship between N content and yield was generally observed except 
in shoots o f younger plants (23 d). In older plants (32 d), shoot N contents, like yields, 
decreased when NH4-N was more than 25% of the available N at both Al levels. Like 
yields, root N contents in younger plants generally increased with increasing proportions 
o f N 0 3-N in the nutrient solution at both Al levels. This was likely due to the beneficial 
effects o f N 0 3-N on root growth. Like yields, root N contents of older plants generally 
decreased with increasing proportions of NH4-N in the nutrient solution at both Al 
levels. It appears from these general results, that the observed decreases in N content 
associated with higher proportions o f NH4-N in solution were largely due to decreases 
in yield.
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The analysis of variance o f whole plant N content revealed a significant (p < 
0.05) N form x Al interaction effect. The three-way interaction, N form x Al x age was 
also significant, indicating a different pattern o f the N form x Al interaction at each 
growth stage. In younger plants, the highest plant N content was observed at the 8:0 
NH4:N 03 ratio without Al, while in plants grown with Al, the highest plant N content 
was found at the 6:2 NH4:N 03 ratio, not significantly differing from that at the 8:0 
NH4:N 03 ratio (Table 2.5).
In younger plants, the N form effect on plant N content was generally more 
consistent in the presence of Al. Plant N contents significantly increased when NH4-N 
was more than 50% of the available N. In older plants, the highest plant N contents 
were found when NH4-N was 50% or less of the available N, at both Al levels and 
significantly decreased when NH4-N was more than 50% of the available N. In younger 
plants, Al significantly decreased plant N contents at all NH4:N 03 ratios except 4.4 and 
6:2, while in older plants, Al decreased plant N contents at all NH4:N 03 ratios, except 
2 :6 .
Data in Table 2.5 show that, like yields, total measured N uptake decreased in the 
presence of Al in the nutrient solution. The decrease was significant at all NH4:N 0 3 
ratios except 2:6, suggesting that Al significantly interfered with N uptake and 
metabolism in Marshall ryegrass regardless o f the form of available N.
Estimated N uptake from nutrient solution by depletion measurements - Total N 
uptake by ryegrass was also estimated by measuring the depletion o f NH4-N and N 0 3-N 
from nutrient solution during plant growth (Table 2.6). These m easurem ents show that
Table 2.6. Uptake of NH4-N and N 0 3-N from nutrient solution by Marshall ryegrass grown with and without A l for 18 days.










n h 4-n *
uptake











umol L'1 mg m g % m g m g mg mg
0:8 0 0/278.5 192.0 68.6a* A 5 0.0 0.0 192.0 68.9aA 184.5 7.5
74 0/279.3 186.2 66.5aA 0.0 0.0 186.2 66.7aA 134.7 51.5
2:6 0 68.5/209.0 155.3 55.5bA 68.5 lOO.OaA 86.8 41.5cB 144.5 10.8
74 67.2/207.0 166.0 59.3bA 67.2 lOO.OaA 98.8 47.7cA 139.7 26.3
4:4 0 138.0/137.3 191.0 68.2aA 91.8 66.5bB 99.2 72.3aA 167.0 24.0
74 137.8/138.3 191.0 68.2aA 112.2 81.5aA 78.8 57.0bB 141.3 49.7
6:2 0 209.3/69.3 140.5 50.2cA 106.0 50.7cA 34.5 49.8bA 118.2 22.2
74 207.3/67.0 133.3 47.6cA 105.8 51.0bA 27.5 41.0dB 85.3 47.9
8:0 0 279.0/0.0 131.0 46.8cA 131.0 47.0cB 0.0 0.0 85.1 45.9
74 277.3/0.0 148.2 52.9cA 148.2 53.5bA 0.0 0.0 59.3 88.9
tT o ta l N  in each pot was 8.0 mM (112 m g L 1) and each pot contained 2.5 L o f  solution (280 m g N).
fA t  each A l level, means due to NH4:N 0 3 ratio follow ed by the same sm all letter within a colum n are not significantly different at the 0.05 level o f  probability 
according to the Bonferroni test for factorial com bination means.
§At each NH4:N 0 3 ratio, A l means follow ed by the sam e capital letter w ithin a column are not significantly different at the 0.05 level o f  probability according to 




total N uptake was highest at the 0:8 and 4:4 NH4:N 03 ratios, intermediate at the 2:6 
ratio, and lowest at the 8:0 and 6:2 ratios. Recovery rates ranged from 68.6% of the N 
supplied as 100% N 0 3-N to 46.8% of the N supplied as 100% NH4-N. Aluminum in 
the nutrient solution did not significantly influence the estimate of total N uptake.
It is apparent that the form o f N uptake was significantly influenced by both the 
NH4:N 0 3 ratio and by the presence o f A l. In the absence o f A l and at equal 
concentrations of NH4-N and N 0 3-N (4:4 ratio) the ryegrass absorbed slightly more 
N 0 3-N than NH4-N (99 vs 92 mg or 72 vs 67%). At the 2:6 NH4:N 03 ratio where the 
NH4-N supply was limited, it absorbed 100% of the NH4-N and only 41.5% o f the N 0 3- 
N. The plants absorbed about 1.3 times more NO,-N than NH4-N. At the 6:2 ratio 
where the N 0 3-N supply was limited, the ryegrass absorbed about 50% of each N form, 
but the quantity of NH4-N absorbed was about three times greater than the quantity of 
N 0 3-N absorbed. These data show a preference for uptake o f NH4-N by ryegrass in the 
absence o f A l.
In the presence of Al in nutrient solution there was a small decrease in the 
quantity of N 0 3-N absorbed at the 0:8 NH4:N 03 ratio and a small significant increase 
in the quantity o f NH4-N absorbed at the 8:0 NH4:N 03 ratio. At the 4:4 ratio, A l 
significantly increased absorption of NH4-N and decreased absorption of N 0 3-N. These 
data indicate that Al stimulated ryegrass preference for NH4-N over N 0 3-N. At the 2:6 
NH4:N 03 ratio, Al stimulated N 0 3-N absorption but had no effect on NH4-N absorption 
since 100% of the NH4-N was taken up with and without Al in solution. At the 6:2 
NH4:N 03 ratio, Al depressed N 0 3-N uptake but had no influence on NH4-N uptake.
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Figure la shows that in the presence o f A1 there was greater NH4-N depletion at 
the 8:0 ratio while Figure 2a shows that in the presence of A1 there was lesser N 0 3~N 
depletion at the 0:8 ratio. Figure Id shows that at the 2:6 ratio all the NH4-N was 
depleted by Marshall ryegrass at day 15 from solutions without Al, while it was depleted 
at day 12 in solutions with Al. This Al effect on NH4-N uptake was not significant as 
mentioned earlier. Figure 2b shows that Al stimulated N 0 3-N absorption, particularly 
during the last nine days o f the study. Figure lc shows that there was greater NH,r N 
depletion by Marshall ryegrass at the 4:4 ratio in the presence of Al at all sampling 
periods, while Figure 2c shows that there was lesser N 0 3-N depletion with Al. Figure 
2d shows that there was lesser N 0 3-N depletion by Marshall ryegrass at the 6:2 ratio 
in the presence o f Al.
The stimulatory and depressive effects of Al on NH4-N and N 0 3-N absorption, 
respectively, were most apparent when the two N forms were present in equal 
proportions in solution. Nutrient solutions containing both N forms generally have more 
stable pH and greater availability o f P and micronutrients. It is probable that a stable 
solution pFI at the 4:4 NH4:N 03 ratio increased P uptake, thus enhancing energy tranfer 
processes and phosphorylation. Part of this energy could have been used to activate the 
sites of the carriers for NH4-N (usually ATP-ases), thus stimulating NH4-N uptake 
(Lycklama, 1963).
Significant decreases in N 0 3-N absorption due to Al at the 4:4 ratio could have 
been due to adverse Al effects on an A 1-sensitive enzyme associated with N 0 3-N 
absoiption. It is also probable that the interferences o f NH4-N with the absorption of 
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Figure 1. Ammonium - N depletion by Marshall ryegrass grown with 
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Figure 2. Nitrate - N depletion by Marshall ryegrass grown with 0 and 
74 pM Al at four NH4 : N 03 ratios in nutrient solution.
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Nutrient solution pH at the 4:4 NH4:N 0 3 ratio was not stable during the 
experiement (see section on solution pH changes). Solution pH slightly decreased from 
day 0 until day 12, after which is sharply increased in the absence of Al, but in the 
presence o f Al, it became relatively stable. Consequently, it is probable that the greatest 
A 1-induced stimulation of NH4-N uptake occurred during the last 6 days o f the 
experiement. In fact, the greatest differences in NH4-N depletion between the two Al 
levels occurred from days 12 to 18.
In solutions containing both N forms, reductions in N 0 3-N absorption could have 
been due to high acidity-induced alterations in membrane permeability resulting from 
NH4-N uptake. This membrane alteration could have restricted the capacity for N 0 3-N 
absorption (Haynes and Goh, 1978).
Keltjens and van Ulden (1987) found that Al increased the NH4:N 0 3 uptake ratio 
in sorghum. They did not give possible reasons for this effect. Haynes and Goh (1978) 
pointed out that the process o f active absorption of N 0 3-N seemed to be depressed by 
an Al-sensitive enzyme. The results obtained in my study clearly showed that the form 
of N absorbed by Marshall ryegrass plants was significantly influenced by N form and 
Al in the nutrient solution, which was consistent with results obtained for wheat 
genotypes (Foy and Fleming, 1982) and sorghum genotypes (Galvez and Clark, 1991).
In an earlier study with perennial ryegrass (Lolium perenne), Lycklama (1963) 
reported that N 0 3-N absorption was considerably decreased by the uptake o f NH4-N. 
In a nutrient solution experiment with sorghum, Keltjens (1987) reported that in plants 
fed with a mixture o f NH4-N and N 0 3-N, uptake of NO,-N was drastically inhibited
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while NH4-N uptake was increased by Al. The Al-induced stimulation o f NH4-N uptake 
observed in my study might be related to some Al effects on uptake kinetic parameters 
o f NH4-N. Lycklama (1963) pointed out that NH4-N exhibited active, energy-dependent 
and metabolically driven uptake that followed Michaelis-Menten enzyme kinetics. 
Aluminum could have increased the affinity o f the uptake system for NH4-N (decreased 
the value of Km, Rendig and Taylor, 1989). Decreases in Km could have been due to 
an increase in the formation constant o f the NH4-carrier complex.
The comparison between total N uptake from solution and total N measured in the 
plants (Table 2.6), shows that the disappearance technique used in this study consistently 
estimated more N uptake by Marshall ryegrass than that measured in the plants. 
Determination o f NH4-N and N 0 3-N concentrations in solution by steam distillation may 
be subject to errors in the percentage recovery (not always close to 100%) and 
volumetric errors. Plants have also been shown to lose some N through the leaves 
during growth, which would cause lower values o f measured N.
The results o f my study showed that the two methods gave different predictions 
o f N recovery by Marshall ryegrass. The greatest differences between estimated and 
measured N uptake were observed in Al containing solutions, regardless of NH4:N 03 
ratio (Table 2.6). The greatest differences were observed at the 8:0 NH4:N 03 ratio with 
Al and the smallest ones were observed at the 0:8 NH4:N 03 ratio without Al.
Solution pH changes - In general, pH values decreased while NH4-N was available 
in solution during the first 9 days that plants were exposed to Al. In solutions 
containing 6:2 and 8:0 NH4:N 03 ratios (Figures 3d, e), pH slightly increased, particularly 
at 8:0 after 9 d and then became relatively constant until the termination o f the
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Figure 3. Nutrient solution pH changes during growth of Marshall ryegrass 
at five NH4 : N 03 ratios with and without Al.
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experiment. After day 12, there was a sharp increase in pH in solutions containing 4:4 
NH4:NO, ratios when plants were grown without Al (Figure 3c).
In solutions containing plants grown with Al and 2:6 NH4:N 0 3 ratios, NH4-N was 
exhausted from solution after 9 days in treatment, after which a significant increase in 
pH occurred until the end of the experiment (Figure 3b). This increase in pH did not 
occur until day 12 in plants grown without Al (Figure 3b). Aluminum appears to have 
stimulated the uptake of NH4-N resulting in a faster depletion o f NH4-N from solution 
and faster utilization of the available N 0 3-N with subsequent increases in solution pH 
(Keltjens, 1987; Keltjens and van Ulden, 1987). These findings are consistent with 
those presented by Galvez and Clark (1991) who reported that sorghum plants grown 
with lower NH4-N proportions relative to N 0 3-N depleted NH4-N from solution sooner, 
and raised solution pH sooner. Similar reports have been given by Rorison (1985). In 
solutions containing 0:8 NH4:N 0 3 ratios, significant increases in pH began on day one 
and continued until the termination of the experiment (Figure 3a). In general, plants 
grown with Al had lower solution pH values. These observations are in agreement with 
those reported by Galvez and Clark (1991). Aluminum effects on decreases in solution 
pH reported in this study reflect the acidic properties o f this cation (Bohn et al, 1985; 
Miller, 1981; Robson, 1989).
Aluminum concentrations in rveurass shoots and roots - The analysis o f variance 
of shoot and root Al concentrations revealed a significant N form x Al interaction effect 
(Table 2.7). The three-way interaction, N form x Al x age was also significant, (p <
0.05) indicating a different pattern of the N form x Al interaction at each growth
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Table 2.7. Shoot and root A l concentrations in Marshall ryegrass at two growth stages as 




N H -N O ,4 3
mmolar ratio
Plant age
23 d 32 d
Shoots Roots Shoots Roots
umol L '1 ------------ mg kg' i
0 0:8 4a+B* 8aB 4aB 13aB
2:6 4aB 14aB 4aB 16aB
4:4 4aB 15aB 3aB 16aB
6:2 6aA lOaB 8aB lOaB
8:0 5aB 9aB 8aA 12aB
74 0:8 14aA 3158aA 22bA 2879bA
2:6 lOaA 3189aA 22bA 3041bA
4:4 lla A 326laA 50aA 3360bA
6:2 8aA 3350aA 27bA 3964aA
8:0 8aA 3389aA 4bA 4057aA
tA t each A l level, means due to NH4:N 03 ratios followed by the same small letter within 
a column are not significantly different at the 0.05 level o f probability according to the 
Bonferroni test for factorial combination means.
tA t each NH4:N 0 3 ratio, Al means followed by the same capital letter within a column are 
not significantly different at the 0.05 level o f probability according to the Bonferroni test for 
factorial combination means.
Values are means of three replications.
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stage. Ammoniuminitrate ratios had no significant effects on shoot or root Al 
concentrations at either growth stage where Al was not supplied (Table 2.7).
In the presence of Al there were no significant effects of N ratios on shoot or root 
Al concentrations at the first harvest, probably due to a shorter Al exposure, but at the 
second harvest (18 d Al exposure), Al concentration in shoots was higher in plants 
grown at the 4:4 NH4:NO, ratio than at any other ratios. The two highest Al 
concentrations in roots were found in plants grown at the two highest NH4:N 0 3 ratios, 
8:0 and 6:2. Increased NH4-N uptake at these two ratios could have increased the 
activity of Al in solution through H+ extrusion, thus resulting in higher Al availability.
In general, regardless of Al level or NH4:N 03 ratio, concentrations of Al in roots 
were much higher than in shoots. This observation suggests that Marshall ryegrass tends 
to keep Al in the roots, with very little or no translocation of Al from roots to shoots, 
the result being consistent with an earlier report by Rengel and Robinson (1989b). 
Considerable translocation of Al from roots to shoots has been reported in com by Fox 
(1979). Taylor (1991), indicated in fact that one mechanism of Al tolerance was to 
restrict translocation of Al from roots to leaves.
Statistical analysis showed that, in younger plants, the Al effect on shoot Al 
concentrations was significant at all NH4:N 03 ratios except 6:2, while in older plants, 
the Al effect was significant at all NH4:N 03 ratios except 8:0. The Al effect on root Al 
concentrations was significant at all NH4:N 03 ratios at both growth stages. This last 
result could be due to the fact that the probability (p) values for the N form x Al 
interaction and for the three-way interaction effects were very close to the significance 
level of the test (0.05).
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Cation concentrations and the grass tetany potential - Mineral analysis showed 
that, in general, NH4-N relative to N 0 3-N decreased the concentrations of essential 
cations in annual ryegrass forage (Table 2.8) and increased the anion concentrations 
(Table A .l). A similar pattern was found in roots.
The analysis of variance o f shoot Mg concentration showed a highly significant 
(p < 0.01) N x age interaction. None of the other interactions was significant. 
Surprisingly, the main effect of Al was not significant (p > 0.05). These general results 
suggest a relatively low impact o f Al on Mg concentration and are in disagreement with 
those reported by Rengel and Robinson (1989b). It is important to point out that the 
recommended sufficient Mg level in soil solutions (0.7 mM, Bohn et. al., 1985). was 
used in this study which was higher than the concentration (0.27 mM) used by Rengel 
and Robinson. This Mg level could have been high enough to overcome Al effects on 
Mg uptake.
Magnesium concentrations were higher in younger than in older plants at the 4:4 
and 6:2 NH4:N 03 ratios, which is consistent with the observation that plants usually have 
higher nutrient requirements at younger stages and concentrations are diluted as dry 
matter accumulation increases with age (Table 2.8). This relationship did not occur at 
the two highest NO?-N levels or at the highest NH4-N level.
Magnesium concentrations in shoots consistently decreased as the proportion of 
NH4-N in the nutrient solution increased at both growth stages (Table 2.8). Ammonium- 
N could have directly affected the translocation of Mg from roots to shoots. It is also 
possible that Mg uptake was reduced at a lower solution pH, associated with NH4-N
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Table 2.8. Concentrations o f Mg, Ca, and K in Marshall ryegrass shoots at two growth stages 
as influenced by NH4:N 03 ratios in nutrient solution.
Plant age NH-NO.4 3
mmolar ratio Mg Ca K
d ------- g k g '— -
23 0:8 3.65afA* 3.81aA 68.2aA
2:6 2.78bA 3.66aA 64.6aA
4:4 2.70bA 3.01bA 63.2aA
6:2 2.36bA 2.83bA 61.4abA
8:0 1.20cA 2.71bA 52.8bA
32 0:8 3.86aA 2.93aB 57.6aA
2:6 2.89bA 3.02aB 53.5aB
4:4 2.06cB 2.67aA 49.8abB
6:2 1.53dB 2.44abB 42.1bB
8:0 1.12d A 2.06bB 38.7bB
fA t each age, due to NH4:N 03 ratios means followed by the same small letter within a column 
are not significantly different at the 0.05 probability level according to the Bonferroni test 
for factorial combination means.
^At each NH4:N 03 ratio means due to plant age followed by the same capital letter within 
a column are not significantly different at the 0.05 level o f probability according to the 
Bonferroni test for factorial combination means. Values are means o f two Al levels and three 
replications.
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uptake. The effects of increasing amounts of NH4-N in solution on the reduction o f Mg 
concentrations in plants have been widely reported (Claassen and Wilcox, 1974; Cox and 
Reisenauer, 1973; Gashaw and Mugwira, 1981; Wilcox and Hoff, 1974). The highest 
Mg concentration was obtained at the more advanced stage of growth in plants grown 
at the 0:8 NH4:N 03 ratio. These findings are in agreement with those presented by 
Robinson et al. (1989), who reported a beneficial effect o f N 0 3-N on Mg concentrations 
in annual ryegrass forage. The lowest Mg concentrations were obtained in older plants 
grown at the 8:0 NH4:N 03 ratio.
The statistical results o f this study indicate a high potential for grass tetany (Mg 
concentration < 2.0 g/kg) at the younger stage only when plants were grown at the 8:0 
NH4:N 0 3 ratio; however, a high potential was evident at the more advanced stage when 
NH4-N represented 50% or more of the available N. These findings suggest that N 
fertilization practices prior to the grass tetany season should be oriented toward a 
reduction in the amount of NH4-N applied relative to NO,-N. Utilization o f urea prior 
to the grass tetany season might result in high incidence of grass tetany and thus other 
fertilization alternatives should be explored by the farmers.
In this experiment, Ca and K concentrations in shoots decreased less than did Mg 
concentrations with increasing proportions of NH4-N in solution. Calcium uptake has 
been found to be reduced less than Mg uptake by increasing NH4-N (Cox and 
Reisenauer, 1977; Haynes and Goh, 1978; Kirkby and Hughes, 1970). Ammonium-N 
levels in this experiment probably did not interfere with the kinetics o f Ca uptake and 
were not high enough to compete with K ions for uptake sites. Potassium uptake has
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been found to be increased by the phenomenon of facilitated diffusion and by the high 
affinity of the uptake system of K (Kochian et al., 1989). Facilitated diffusion o f K in 
my experiment could have decreased the competitive effect o f NH4-N.
Calcium concentrations in shoots were significantly higher in younger than in older 
plants except at the 4:4 NH4:N 0 3 ratio. Potassium concentrations in shoots were 
significantly higher in younger than in older plants except at the 0:8 NH4:N 03 ratio.
The analysis of variance o f K/(Ca+Mg) equivalent ratios in ryegrass shoots showed 
a highly significant (p < 0.01) Al x age interaction effect, the result being consistent 
with an earlier nutrient solution experiment conducted by Rengel and Robinson (1991) 
in which a significant Al x treatment duration interaction effect was reported. The 
statistical analysis also showed a highly significant (p < 0.01) main effect o f N form, 
indicating an independent effect of this factor on the ratio. The remaining interactions 
were not significant (p > 0.05).
Aluminum significantly increased the ratio o f K/(Ca+Mg) at both growth stages 
(Table 2.9) to a tetany-prone status (ratio > 2.2). The highest ratio and thus the highest 
grass tetany potential was found in plants grown with Al at the younger stage. This 
observation is in agreement with that reported by Wilcox and Hoff (1974) who indicated 
that the potential for grass tetany was higher in younger, immature plant tissue. The 
lowest grass tetany potential was found in plants grown without Al at the more advanced 
stage of growth. Decreases in the equivalent ratio of K/(Ca+Mg) at older age were 
associated with greater decreases in shoot K and lesser decreases in Ca and Mg 
concentrations reported in Table 2.8.
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Table 2.9. Equivalent ratios o f YJ (C a+ Mg) in Marshall ryegrass shoots at two growth stages 











fA t each plant age, A l means followed by the same small letter within a column are not 
significantly different at the 0.05 level of probability according to the Bonferroni test for 
factorial means. (15 observations/mean)
$ At each A l level means due to age followed by the same capital letter within a column are 
not significantly different at the 0.05 level o f probability according to the Bonferroni test for 
factorial means.
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Ammonium-N significantly increased the K/(Ca+Mg) equivalent ratio in ryegrass 
(Table 2.10). These statistical results clearly show that the potential for grass tetany is 
relatively high when NH4-N represents 50% or more of the N and are in agreement with 
observations made in spring grasses by Wilcox and Hoff (1974). This increase in the 
ratio appeared to be the result o f decreased concentrations of Mg and Ca at higher NH4- 
N levels. Relatively low equivalent ratios at the 0:8 and 2:6 NH4:N 0 3 ratios could be 
the result of a stimulation in the uptake of Mg caused by N 0 3-N. This stimulatory 
effect o f NOj-N on Mg uptake by ryegrass has been reported (Robinson et al., 1989).
Root Mg concentrations significantly decreased at higher NH4-N levels in solution, 
the effect being more pronounced when NH4-N represented 50% or more of the N, 
regardless of Al level (Table 2.11). These decreases could have been the result of NH4- 
N induced impairment of Mg adsorption in the DFS of Marshall ryegrass roots. By 
comparison, the effect of Al on depressing root Mg concentrations was considerably less 
(Table 2.11), being significant only at the 2:6 NH4:N 03 ratio. Since Marshall is an Al- 
tolerant cultivar, it could have maintained a relatively high Mg uptake rate under Al 
stress conditions at the level of Mg supplied in this study.
Root Ca concentrations generally decreased with increasing NH4-N, with and 
without Al. These decreases could have also been due to NH4-N induced impairment o f 
Ca adsorption in the DFS of Marshall ryegrass roots. Increasing NH4-N levels in 
solution consistently decreased root K concentrations in plants grown without Al. In
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Table 2.10. Equivalent ratios of K/ (Ca + Mg) in Marshall ryegrass shoots as influenced by 
NH4:N 03 ratios in nutrient solution.
N H -N O ,4 3
mmolar ratios






tM eans followed by the same letter are not significantly different at the 0.05 level of 
probability according to the Duncan's multiple range test.
Values are means of two A 1 levels, two growth stages and three replications (12 observations/ 
mean)
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Table 2.11. Concentrations o f Mg, Ca, and K in Marshall ryegrass roots as influenced by Al 
and by NH4:NO, ratios in nutrient solution.
A l in
nutrient solution
NH -N O ,4 3
mmolar ratio Mg Ca K
umol L '1 ___ g k g '1
0 0:8 0.80bfA* 0.79aB 1.95aA
2:6 2.04aA 0.89aA 1.26bA
4:4 0.17cB 0.40bA 0.68cB
6:2 0.12cA 0.35bA 0.43cA
8:0 0.03cA 0.1 OcA 0.06dA
74 0:8 0.76bA 1.33aA 1.33bA
2:6 1.50aB 0.72bA 0.84cA
4:4 0.83bA 0.47cA 2.67aA
6:2 0.1 OcA 0.21dA 0.45dA
8:0 0.03cA 0.18dA 0.25dA
tA t each A l level, means due to NH4:N 03 ratios followed by the same small letter within 
a column are not significantly different at the 0.05 probability level according to the 
Bonferroni test for factorial combination means.
4:At each NH4:N 03 ratio, Al means followed by the same capital letter within a column are 
not significantly different at the 0.05 level o f probability according to the Bonferroni test for 
factorial combination means.
Values are means of three replications (data from 18 d Al exposure were used).
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plants grown with Al, the highest K concentration was found at the 4:4 NH4:N 0 3 ratio 
and lowest where NH4-N was more than 50% of the available N. It is possible that 
competition for active uptake sites between NH4-N and K ions occurred in this 
experiment.
Data in Table 2.11 show that Al significantly increased root Ca concentration at 
the 0:8 NH4:N 0 3 ratio. The Al effect on root K concentration was significant only at 
the 4:4 NH4:N 0 3 ratio. This interesting result might be associated with physicochemical 
similarities between NH4-N and K. In the N absorption section o f the study, it was 
shown that the greatest Al-induced stimulation o f NH4-N uptake occurred at the 4:4 
ratio.
Adsorption of cations in the Donnan free space - The adsorption o f divalent 
cations in the DFS of Marshall ryegrass roots was, in general, more affected by the 
proportion of NH4-N in the nutrient solution than were monovalent cations (Table 2.12). 
These findings are consistent with those reported by Cox and Reisenauer (1973) who 
found that NH4-N had a much greater effect on the intake of divalent than of 
monovalent cations in wheat. The analysis of variance o f the total amount o f divalent 
cations desorbed from the DFS indicated a highly significant (p < 0.01) main effect of 
N form. The other effects were not significant.
The amounts of divalent cations desorbed generally decreased as the proportion 
o f NH4-N in the solution increased (Table 2.12). The lowest amounts were found in 
plants grown with 100% NH4-N. The highest amounts were found in plants grown at 
the 2:6 NH4:N 03 ratio but did not significantly differ from those at the 0:8 ratio. These
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Table 2.12. Total amounts o f divalent and monovalent cations desorbed from the Donnan 












tDivalent cations included Ca, Mg, Fe, and Mn. 
^Monovalent cations included K and Na.
§Means followed by the same letter are not significantly different at the 0.05 level o f 
probability according to the Duncan’s multiple range test. Values are means of two growth 
stages, two A l levels and three replications (12 observations/mean).
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statistical results show that less adsorption of divalent cations occurred when NH4-N 
represented 50% or more o f the N. Since the grass tetany problem is closely related to 
Mg status in the plant, the discussion that follows deals primarily with interaction effects 
o f the factors under study on the adsorption o f Mg in the DFS. Desorption data o f Ca 
and K are also shown (Table 2.13).
The amount o f Mg desorbed from the DFS significantly decreased as the 
proportion o f NH4-N in the solution increased at both growth stages (Table 2.13). The 
negative effect o f NH4-N on Mg adsorption was more pronounced in the presence o f Al 
in the nutrient solution, indicating a significant interaction effect between Al and NH4-N. 
These results support the suggestion that one mechanism by which NH4-N affects Mg 
uptake in annual ryegrass is through an impairment o f its adsorption in the DFS. Since 
this impairment was more evident in plants grown with Al, it might be an indirect effect 
due to decreases in solution pH through H+ ion extrusion with subsequent increases in 
solubility and activity of Al. Rengel and Robinson (1989a) reported that highly active 
exchangeable AT+ could strongly bind to the exchange sites o f the roots o f annual 
ryegrass, decreasing the charge density and thus making it more difficult for Mg to 
occupy negative adsorption sites. In younger plants, Al significantly decreased the 
amounts of Mg desorbed from the DFS at all NH4:N 03 ratios except 6:2, while in older 
plants, Al significantly decreased the amounts of Mg desorbed at all NH4:N 0 3 ratios 
except 8:0.
The amounts of Ca desorbed from the DFS were higher than those o f Mg, 
regardless of NH4:N 03 ratio, Al level or age (Table 2.13). Amounts o f Ca desorbed 
decreased as NH4-N in solution increased at both ages, except in older plants grown with
Table 2.13. Amounts o f Mg, Ca, and K desorbed from the Donnan free space o f Marshall ryegrass roots at two growth stages as 









23 d 32 d 23 d 32 d 23 d 32 d
umol L '1 —mg kg'1 root dry wt.-------------
0 0:8 2.42afA* 2.29aA 7.75aA 7.51bB 7.06aA 10.20aB
2:6 0.96bA 0.74bA 6.18bA 13.91aA 7.1 laA 11.15aA
4:4 0.78bA 0.63bA 4.78cA 5.48cA 7.13aA 10.70aA
6:2 0.57cA 0.5 IcA 3.45dA 3.56dA 5.70bA 6.17bA
8:0 0.44cA 0.22cA 2.28eA 2.28eA 6.88aA 2.39cB
74 0:8 1.13aB 1.09aB 6.40aB 10.35aA 5.17aB 14.56aA
2:6 0.61bB 0.58bB 5.13bB 9.97aB 4.1 lbB 10.89bB
4:4 0.62bB 0.55bB 4.16cA 3.49bB 4.42bB 5.66cB
6:2 0.51bA 0.36cB 2.30dB 2.40cB 3.05cB 3.70dB
8:0 0.31cB 0.18cA 1.84dA 0.64dB 3.38cB 1.25eB
fA t each A l level, due to NH4:NO} ratios means followed by the same small letter within a column are not significantly different 
at the 0.05 level of probability according to the Bonferroni test for factorial combination means.
tA t each NH4:N 0 3 ratio, A l means followed by the same capital letter within a column are not significantly different at the 0.05 
level o f probability according to the Bonferroni test for factorial combination means. Values are means o f three replications.
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2:6 NH4:N 03 ratio, in which the highest amounts were found, significantly differing 
from those at the other NH4:N 0 3 ratios. The negative effect o f NH4-N on Ca adsorption 
was more pronounced with Al in the nutrient solution. These results also suggest that 
NH4-N might affect Ca uptake by Marshall ryegrass through an impairment of its 
adsorption in the DFS.
In younger plants, Al significantly decreased the amounts of Ca desorbed from the 
DFS at all NH4:N 0 3 ratios except 4:4 and 8:0. In older plants, Al significantly decreased 
the amounts o f Ca desorbed from the DFS at all NH4:N 03 ratios except 0:8.
The amounts o f K desorbed from the DFS were generally higher than those o f Ca 
at both harvest ages and were usually higher than those of Ca and Mg. This result was 
probably associated with the use of a monovalent desorbent (NH4OAc).
The amounts o f K desorbed from the DFS generally decreased as the proportion o f 
NH4-N in solution increased, except in younger plants grown without Al, where the N 
form effect was not significant. These decreases could have been due to competition 
between NH4-N and K ions (Barker et al., 1967). The effect of NH4-N on depressing 
K adsorption onto the exchange sites of Marshall ryegrass roots was more pronounced 
with Al, particularly in older plants.
In my experiment, trivalent aluminum could have reduced the surface charge density 
in the DFS, resulting in greater competition for exchange sites between cations o f low 
positive charge such as NH4-N and K. In the absence of NH4-N (0:8 NH4:N 0 3 ratio), 
Al did not decrease adsorption of either K or Ca in the DFS of roots. It is also possible 
that a higher solution pH induced by N 0 3-N uptake decreased the activity o f Al in 
solution, thus ameliorating any adverse Al effects on Ca and K adsoiption in the DFS.
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CHAPTER III
R ELA TIO NSH IP OF INFLUX RATE TO A D SO R PTIO N  OF  
CATIO NS IN THE DO NNAN FREE SPACE O F AN NUA L
RYEG RASS ROOTS
INTRODUCTION
A commonly accepted opinion in the scientific community is that the adsorption of 
cations on the fixed anionic charges of the root cell wall is not essential for ion transport 
through the plasma membrane into the cytoplasm (Haynes, 1980; Marschner, 1986). 
There are conflicting reports on this topic. However, recent work indicates that ions 
from an exchangeable fraction can be absorbed, and that the cation concentration in the 
DFS, in the vicinity o f active uptake sites, considerably influences the active 
accumulation of such cations (Rengel, 1990).
It is reasonable to assume that, by mass action principles, the concentration of 
cations in the apoplast of root cells, rather than in the bulk solution, would exert a 
significant effect on all cation fluxes through the plasmalemma. In an analysis o f K 
transport in root cells, Dalton (1984) reported that the negatively charged cell wall acted 
as an influx rate-enhancing region. Bange (1973) had previously observed the same 
phenomenon in experiments dealing with absoiption of Rb ions by young barley roots. 
The idea that ions from the exchangeable phase o f roots may be taken up has also been 
supported by Brouwer (1959) and Winter (1961).
The divergence o f opinions on this matter justifies an experimental analysis with 
Marshall ryegrass. The objective of the present study was to determine possible 
interactive effects o f N form and A1 on Mg, Ca and K influx rates, as well as to assess
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the relationship o f cation adsorption in the DFS to influx rates by means o f correlative 
analyses.
MATERIALS AND METHODS
A nutrient solution experiment was conducted to determine the relationship between 
adsorption o f cations in the DFS and influx rates. The procedures and conditions used 
to germinate and grow Marshall ryegrass plants were the same as those described earlier 
(Binns, 1993, Chapter II). Nitrogen at 8 mM was supplied as Ca(N 03)2*4H20  and/or 
(NH4)2 S 0 4 at five NH4:N 03 mmolar ratios (0:8, 2:6, 4:4, 6:2, and 8:0). Aluminum was 
supplied as A12(S 0 4)3*18 H20  at two levels (0 and 74 umol/L). Each pot contained 20 
plants. At the beginning of the A1 treatment, as well as after days 7 and 14 o f A1 
treatment, shoots and roots from each pot were harvested separately, washed briefly two 
times in distilled water, gently blotted, dried at 60 °C for 48 h, weighed and digested in 
concentrated H N 03. Chemical analyses of digests were obtained with an ARL 34000 
inductively coupled plasma emission spectrometer (ICPES). Dry weights corresponding 
to the three sampling periods were obtained from 12, 4, and 4 plants, respectively. The 
average net cation influx rates were calculated from the growth analysis formula 
(Williams, 1946):
I= [(U2-U,)/(T2-T,)] [ln(R2/R,)/(R2-R,)] where U2 and U, are the total contents of 
nutrient cation found in plant shoots and roots at times T2 and T„ respectively, and R2 
and R, are the root dry weights at times T2 and T,. The total nutrient content or total 
nutrient uptake was calculated as the sum of root dry weight x root cation concentration
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plus shoot dry weight x shoot cation concentration. Due to the complexity o f the 
equation, it was programmed using SAS logical operators.
Cations bound in the DFS after days 7 and 14 of A1 treatment were desorbed from 
intact roots using the same procedure, desorbent and desorption time as those described 
earlier (Binns 1993, Chapter II). The experiment was conducted in a completely 
randomized design with two replications per treatment combination. Analyses o f 
variance were performed primarily to evaluate treatment effects on influx rates o f the 
cations under study. Pearson's product-moment correlation coefficients were calculated 
and regression analyses performed to assess the relationship of influx rate to cation 
adsorption, using routines o f the Statistical Analysis System (SAS Institute, 1985). Due 
to interest in the grass tetany problem, this study focused mainly on Mg, Ca and K.
RESULTS AND DISCUSSION
Magnesium influx - The analysis of variance of influx rate of Mg indicated highly 
significant N form x age and A1 x age interaction effects (p < 0.01). The other 
interactions were not significant. Magnesium influx rates consistently decreased with 
increasing plant age except at the 8:0 NH4:N 03 ratio (Table 3.1). In younger plants, Mg 
influx rates significantly decreased when NH4-N was more than 50% of the available N, 
while in older plants, Mg influx rates significantly decreased when NH4-N was 25% or 
more o f the available N.
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Table 3.1. Net influx rates o f Mg, Ca, and K into Marshall ryegrass at two growth 
stages, as influenced by NH4:N 03 ratios in nutrient solution.
Plant age NH4:N 03 
mmolar ratio
Net influx rate 
Mg Ca K
d nmol (g dry wt)" 1 s- ^
21 0:8 1259afA* 3795aA 15107aA
2:6 1112aA 220 IbA 15948aA
4:4 1026aA 2002bA 12210bA
6:2 775bA 1699cA 10271beA
8:0 292cA 113dA 8767cA
28 0:8 693aB 1351aB 12495aA
2:6 492abB 825bB 9727bB
4:4 308bB 377cB 6315cB
6:2 294bB 316cB 5834cdB
8:0 238bA 121dA 3883dB
fA t each growth stage, means due to NH4:N 03 ratio followed by the same small letter within 
a column are not significantly different at the 0.05 level o f probability according to the 
Bonferroni’s protection test for factorial combination means.
t  At each NH4:N 03 ratio, means due to plant age, followed by the same capital letter within 
a column are not significantly different at the 0.05 level o f probability according to the 
Bonferroni’s protection test for factorial combination means.
Values are means of two A1 levels and two replications (4 observations/mean).
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This observation was consistent with our early study (Binns, 1993, Chapter II), in 
which deleterious NH4-N effects on Mg concentrations were reported. The reductions 
in influx rate o f Mg with increasing age observed in this study are consistent with the 
concept o f higher nutrient requirements at younger stages and are in agreement with 
findings reported for rice, Orvza sativa. (Fageria, 1985) and annual ryegrass, Lolium 
multiflorum L., (Rengel and Robinson, 1989a).
Aluminum decreased the net influx rate of Mg (Table 3.2), the effect being more 
pronounced at the younger stage of growth. Rengel and Robinson (1989b) showed that 
Al3+ considerably decreased the membrane affinity for Mg+2 (increased Km) while leaving 
the maximum influx parameter (Imax) unaltered, evidencing competitive inhibition of 
Mg2+ by Al3+. The results of the present study indicate that this competitive effect of 
Al3+ is more pronounced at younger stages. This might be associated with a decrease in 
the affinity o f the transport proteins of the plasma membrane for Mg2+.
The active, energy-dependent component of Mg2+ uptake has been found to be the 
principal driving force for Mg2+ transport across the plasmalemma (Leggett and Gilbert, 
1969). It is reasonable to assume from this study, that possible competition between 
ATP-A13+ complexes and ATP-Mg2+ complexes for active sites on the ATP-ases, could 
have decreased the release of energy needed to produce a negative electrochemical 
potential gradient across the plasma membrane at younger stages.
Since Marshall is an Al-tolerant cultivar, it is possible that in older, more developed 
plants, active efflux o f phosphate resulted in the formation of insoluble Al complexes, 
decreasing the activity of Al and thus possibly reducing competitive Al effects on Mg
73
Table 3.2. Net influx rates of Mg and Ca into Marshall ryegrass at two growth stages as 







d umol L"1 nmol (g dry w t)-ls_l
21 0 1116a+A* 2687aA
74 669bA 1638bA
28 0 490aB 829aB
74 320aA 637aB
tA t each growth stage, Al means followed by the same small letter within a column are not 
significantly different at the 0.05 level of probability according to the Bonferroni ’ s protection 
test for factorial combination means.
t  At each A 1 level means due to plant age, followed by the same capital letter within a column 
are not significantly different at the 0.05 level of probability according to the Bonferroni’s 
protection test for factorial combination means.
Values are means of five NH4:NOj ratios and two replications (10 observations/ mean).
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uptake. This postulated mechanism probably did not operate in younger plants due to 
higher phosphorous (P) requirements for energy transfer processes in metabolically 
active younger tissues. This inference, however, is speculative, since further research is 
required to elucidate Al tolerance mechanisms in annual ryegrass and their dependence 
on plant age and stage of development.
Calcium influx - The analysis of variance of influx rate of Ca showed a similar 
pattern to that o f the influx rate of Mg (Table 3.1). Highly significant (p < 0.01) N 
form x age and Al x age interaction effects were found. Calcium influx rates 
significantly decreased with greater plant age except at the 8:0 NH4:N 03 ratio. Calcium 
influx rates significantly decreased with increasing proportions o f NH4-N in the nutrient 
solution at both growth stages.
The decreases in influx rate of Ca with plant age are consistent with the widely 
accepted idea that plants have higher nutrient requirements at younger stages. This 
reduction in influx rate might also be due to the fact that Ca experiences movement 
through the apoplastic pathway which ceases at the Casparian strip (Rendig and Taylor, 
1989).
Some researchers (Taylor and Klepper, 1978) have observed that as plants age, 
apoplastic movement ceases and nutrient movement continues through a more 
differentiated region. Mengel and Kirkby (1987) pointed out that the apoplastic pathway 
plays an important role only in young plant roots in which the Casparian strip has not 
developed. The findings of the present study are also in agreement with those reported 
by Clarkson et al. (1971) who found that the movement o f Ca from the cortex to the
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stele o f barley roots was largely restricted to the apoplastic pathway, which is accessible 
only in non-suberized young roots. The results are also consistent with results obtained 
in annual ryegrass by Rengel and Robinson (1989a).
Aluminum significantly decreased the influx rate o f Ca in younger plants (Table 
3.2). This result is supported by an earlier study with annual ryegrass earned out by 
Rengel and Robinson (1989a) in which considerable Al-induced decreases in the average 
net influx o f Ca were reported. Aluminum could have interfered with Ca uptake 
indirectly by lowering the pH o f the solution or directly by affecting Ca uptake kinetic 
parameters.
In older plants, Al did not decrease Ca influx rates. It is possible that active efflux 
o f phosphate in older plants resulted in an inactivation o f Al or formation o f Ca- 
phosphates. Another plausible explanation is that adverse Al effects on calmodulin were 
less pronounced in more mature plants. Aluminum is known to interfere with 
calmodulin and antagonize Ca-related transport processes (Siegel and Haug, 1983). 
Since calmodulin activates membrane bound Ca2fATP-ases, it is possible that Al 
adversely decreased such activation, thus reducing Ca influx rates. The adverse Al effect 
on Ca influx was more likely to occur in younger tissues, since Ca moves through the 
apoplastic pathway.
It is also probable that Ca uptake kinetic parameters were less sensitive to Al in 
more developed plants. In general, influx rates of Ca were relatively higher than those 
o f Mg in the presence and in the absence of Al.
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Potassium influx - The analysis o f variance o f influx rate o f K revealed a 
significant (p < 0.05) N form x age interaction effect. The other remaining interaction 
effects were not statistically significant.
In general, influx rates o f K decreased with increasing age and with increasing 
proportions o f NH4-N in the nutrient solution (Table 3.1). Due to similar 
physicochemical properties, NH4-N has been found to compete with K for absorption 
sites (Barber, 1984; Mengel and Kirkby, 1987). The results o f the present study support 
the widely reported antagonistic relations between NH4-N and K.
The maximum influx rates of K were observed in plants grown with 0:8 and 2:6 
NH4:N 03 ratios at the earlier growth stage. Decreases in influx rate o f K with age are 
consistent with findings reported by Hannaway et al. (1982), Joseph and van Hai 
(1976), and Rengel and Robinson (1989a).
In the present study, influx rates o f K were relatively higher than those o f Mg and 
Ca, which might be associated with luxury consumption of this cation, as well as with 
higher plant requirements (Rendig and Taylor, 1989). This observation is consistent 
with an earlier report o f Cheeseman and Hanson (1979), who found that influx rates o f 
K in corn were relatively higher than those of common divalent cations. The fact that 
Al did not significantly influence the rate of influx o f K in this study supports the well 
known observation that the uptake of monovalent cations is, in general, less affected by 
Al than are divalent cations (Foy, 1988).
The NH4-N effect on K influx rate appeared to be greater in older than in younger 
plants (Table 3.1). Potassium influx rate significantly decreased with 25% NH4-N in
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older plants, while in younger plants, this decrease was observed only when NH4-N 
exceeded 25% of the available N. This interesting observation suggests greater 
competition for active uptake sites between NH4-N and K ions at a more advanced stage 
o f growth. In older plants, in which most growth processes have been completed, 
energy may be available for other metabolic functions. It is probable that part o f the 
energy available in these older plants overactivated the carriers for NH4-N, decreasing 
K influx rate. The greater competitive effect of NH4-N on K influx rate observed in 
older plants was, to some extent, consistent with the observation made by Mengel et al. 
(1976) that, in general, competitive relations between NH4-N and K ions were not 
pronounced in young rice plants.
Relationship between cation adsorption in the DFS and influx rate - Since there 
was no interaction effect of N form and Al on influx rate of the cations and NH4:N 0 3 
ratio effects on cation adsorption were relatively similar at each Al level (Chapter II), 
the correlation between cation adsorption and influx rate was evaluated at each Al level 
in order to have enough data points for the correlative analysis.
A positive correlation was consistently found between cation net influx rate and 
cation adsorption in the DFS (Table 3.3). These results suggest a significant influence 
o f the concentration o f cations in the exchangeable region of Marshall ryegrass roots on 
the amounts of cations taken up. The correlation between Mg adsorption and net influx 
was positive and highly significant under all conditions except at the more advanced 
stage o f growth in the presence o f Al. It appears that Mg adsorption in the DFS 
significantly influences Mg accumulation in the cytoplasm of cells of Marshall ryegrass.
Table 3.3. Regression equations and Pearson product-moment correlation coefficients (r) between cation influx rate (I)f and cation 





Plant age r Regression equation
umol L 1 d
Mg 0 21 0.8984** 1=231.4 + 1133.6A
74 21 0.7858** 1=247.5 + 478.1 A
0 28 0.8267** 1=480.5 + 688.7A
74 28 0.4846NS 1=544.5 + 131.9A
Ca 0 21 0.9694** I=-272.6 + 985.3A
74 21 0.6432* 1= 100.1 + 421.1A
0 28 0.8710** I= -125.3 + 617.0A
74 28 0.9198” 1=235.5 + 336.7A
K 0 21 0.5114NS 1=3717.5 + 1361.1A
74 21 0.3352NS 1=6971.5 + 860.8A
0 28 0.6828NS 1=3616.4+ 1359.5A
74 28 0.7412* 1=4929.5 + 1482.5A
significant at the 0.05 level of probability, 
significant at the 0.01 level of probability.
NS not significant
t  Influx rates expressed in nmol (g dry w ty 's '1 
% Adsorption in DFS is expressed in mg kg'1 root dry wt.
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These findings are consistent with an earlier study by Rengel (1990), in which a 
highly significant positive correlation was reported between net uptake o f Mg and 
exchangeable Mg in the DFS. A similar observation regarding Rb ions in pea roots was 
made by Brouwer (1959).
A non-significant correlation between Mg adsorption and net influx in older plants 
grown with Al could have been due to greater decreases in charge density o f the DFS 
associated with longer Al exposure. These decreases in charge density could have 
severely impaired Mg adsorption onto the root exchange sites, thus reducing the rate of 
Mg transport across the plasma membrane. Under these conditions o f lower charge 
density, the extent o f the association between adsorption and net influx appeared not to 
be significant.
In general, regardless of growth stage, this positive correlation was lower in the 
presence of Al in the nutrient solution. The regression coefficients were also lower in 
the presence o f Al than in its absence, indicating that the increase in the rate o f Mg 
influx per unit increase in the amount adsorbed in the DFS was lower in the presence 
o f Al. This observation is consistent with the result that trivalent Al3+ severely impaired 
Mg2+ uptake reported in this study (Table 3.2) and also by Taylor and Foy (1985) and 
Rengel and Robinson (1989b). Regardless o f the Al level, the regression coefficients 
were always lower at the more advanced stage of growth which is consistent with the 
fact that nutrient requirements are generally higher at younger stages and that cation 
influx is more restricted in more mature roots.
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All the correlations between Ca adsorption and Ca influx rate were significant 
(Table 3.3). The correlation coefficient was lower in the presence o f Al at 21 days, but 
it increased slightly at 28 days. The regression coefficients were also lower in the 
presence o f Al regardless of age. These coefficients were also lower at the more 
advanced stage of growth at any given Al level.
None of the correlations between K adsoiption and K influx rate was significant 
except at the more advanced growth stage in the presence of Al (Table 3.3). This 
observation suggests that, in this cultivar of annual ryegrass, K adsorption in the DFS 
does not greatly influence uptake of this ion. This finding also implies that factors 
influencing ion accumulation in the cytoplasm of the cells o f this cultivar might be 
different for divalent and monovalent cations. Aluminum has been found to stimulate 
NH4-N uptake. The observation that the correlation between K adsorption and K influx 
rate was significant only in the presence of Al in older plants suggests that Al could 
have stimulated K uptake, since K and NH4-N ions have similar physicochemical 
properties.
The general results of this correlative analysis support the hypothesis that cations 
bound in the DFS of plant roots may be taken up. The direct relationship between 
cation influx rate and cation adsorption in the DFS was evident in the case of the 
divalent cations, Mg and Ca. This result is in complete agreement with findings 
reported for several plant species by Van de Geijn and Petit (1979), who presented 
convincing evidence that the control of the transport processes of divalent cations was 
dependent to some degree on the cation exchange properties of plant roots.
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In this study K influx was independent o f K adsorption on cation exchange sites 
o f roots. Kochian et al. (1989), observed that the transport o f this monovalent cation 
was primarily governed by the high affinity o f its uptake system as well as by the 
phenomenon of facilitated diffusion and high permeability across biological membranes. 
In specific terms, these researchers observed that active K absorption into maize root 
cells was primarily due to the operation o f a K-H+ cotransport system or to the presence 
o f a K-ATPase. Glass and Dunlop (1979) indicated that the existence of a K-H+ 
cotransport system was, in fact, the main driving force regulating K influx in barley 
roots.
Since the present study did not involve electrophysiological measurements, the 
specific K transport system in this cultivar was not evaluated. However, the effects of 
Al on transport-related processes of Ca and Mg were more pronounced than on those 
of K. A clear elucidation of the nature of the K transport mechanism operating in 
annual ryegrass would probably require biophysical, biochemical and molecular 
characterizations of single cells or protoplasts o f this cultivar.
Interactions o f N form and Al did not significantly influence influx rates o f Mg, Ca, 
and K in this study, an unexpected result, since N form and Al were found to interact 
with each other in their effects on root growth of Marshall ryegrass in our earlier 
nutrient solution study. Factors that influence root growth and root surface area for 
absorption of nutrients are normally expected to influence ion influx rates.
The results o f this experiment indicated, on the contrary, that interactions o f N form 
and plant age were more important in explaining observed changes in influx rates o f the
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three cations under study. It was demonstrated that, in Marshall ryegrass, N form effects 
on cation influx rates were highly dependent on stage of development.
Aluminum did not significantly affect K influx rates, an expected result, since Al 
effects on uptake o f monovalent cations normally have been found to be smaller than 
o f divalent cations. However, interactions o f Al and plant age significantly affected 
influx rates o f Mg and Ca, an expected result to some extent, since Al effects on uptake 
o f Mg and Ca by ryegrass have been found to be considerable and influx rates o f Mg 
and Ca are normally more restricted in more mature and differentiated root systems.
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CHAPTER IV
IN TERA CTIV E EFFECTS OF NH 4:N 0 3 RA TIO S AND SO IL  
AC ID ITY  LEVELS ON YIELD, CH EM ICAL C O M PO SITIO N  
AND N UPTAK E OF ANNUAL RYEG RASS
INTRODUCTION
The form of N applied to a crop has important effects on plant growth, chemical 
composition, and N uptake. Aluminum in acid soils may interact with N forms to 
influence nutrient uptake relationships. Interactive effects o f N form and exchangeable 
Al on growth and N uptake by ryegrass and on the etiology of grass tetany are not well 
understood. Forage age effects on some basic chemical indicators o f the grass tetany 
potential also need further definition.
Significant interactive effects of N form and Al have already been reported, 
particularly in solution culture studies (Binns 1993, Chapter II; Galvez and Clark, 1991; 
Keltjens, 1987). Chemey and Robinson (1985) reported significant influences o f age 
at harvest of annual ryegrass forage on some chemical indicators o f grass tetany 
potential. Rengel and Robinson (1989b) reported that soluble Al competitively reduced 
Mg uptake and showed beneficial effects o f lime on shoot Mg concentrations in annual 
ryegrass (Rengel and Robinson, 1990).
The objectives o f this experiment were to determine the effects o f NH4:N 0 3 ratios, 
soil acidity levels, and their interactions on dry matter yield, chemical composition, and 





Stough sandy loam soil, classified as coarse-loamy, silicious, thermic Fragiaquic 
Paleudults, was selected for the study because it contained high levels o f exchangeable 
Al and non-toxic levels o f Fe and Mn. The soil was air dried, passed through a 5 mm 
sieve and sampled for chemical analyses. Exchangeable cations extracted in 1 M 
NH4OAc at pH 7.0 and expressed in mg/kg were K, 20; Ca, 131; Mg, 18; and 1 N KC1 
extractable Al, 145. Bray II extractable P content was 45 mg/kg and organic matter 
content was 39.3 g/kg by the Walkley-Black method (1934). Micronutrients extracted 
in DTPA (pH 7.3) and expressed in mg/kg were Fe, 169; Mn, 0.42; Cu, 0.32; and Zn, 
2.32. Soil pH (4.4) was determined with a Beckman-10 pH meter after a 2 h 
equilibration period o f a 1:1 soil to distilled water mixture. Three lime rates, 0, 0.70, 
and 1.40 g/kg o f pure CaO were applied as fine powder after determining the lime-pH 
curve by soil-lime incubations. The soil was thoroughly mixed with lime, brought to 
about 15% moisture by weight (near field capacity or 33 KPa water tension), and 
allowed to equilibrate for 35 d with mixing every week. After incubation, initial NH4-N 
and NO,-N levels were determined with the equilibrium extraction method o f Bremner 
(1965).
The resulting soil pH values were 4.40, 4.71, and 5.12 and 1 N KC1 extractable Al 
levels were 141, 56, and 19 mg/kg with increasing lime rates. Calcium levels were 131, 
689, and 1053 mg/kg at increasing lime rates. At the end of the equilibration period, 
the soil was dried again and fertilized with concentrated super phosphate, M gS04*7H20 , 
and muriate o f potash to provide 60, 20, and 180 mg/kg of P, Mg, and K, respectively.
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After complete mixing, 2 kg of soil was packed in 2.5 L pots at a soil bulk density o f 
about 1.0 g/cm3. Plastic bags lined the pots to avoid leaching losses. Distilled water 
was added to the pots again to obtain field capacity. Solutions o f C a(N 03)2*4H20  and/or 
(NH4), S 0 4 were added to the soil in amounts to provide 100 mg N/kg at five NH4:N 03 
ratios; 0:100,25:75, 50:50, 75:25, and 100:0. The nitrification inhibitor, Dicyandiamide 
(DCD) (Sigma Chem. Co.), was added to each pot at 50 ug/g to control N 0 3-N 
production. A laboratory evaluation of the effectiveness of this inhibitor was carried out 
with the procedure described by McCarty and Bremner (1989), resulting in 89.1, 100.0, 
and 70.1% inhibition o f nitrification at 35, 42, and 49 d, respectively.
After 24 h 60 seeds o f Marshall ryegrass were planted in each pot. The pots were 
weighed and distilled water was added daily to maintain the moisture level near field 
capacity. The plants were grown in a growth chamber with 22/18 °C day/night 
temperatures. In general, the environmental conditions of the growth chamber were 
similar to those described by Rengel and Robinson (1989a).
The experiment was conducted in a completely randomized design with a split-plot 
arrangement of factorial treatments. Combinations of NH4:N 03 ratios and lime rates 
were the main plot factors and forage age at the time of harvest was the sub-plot factor. 
The pots were rearranged every two days to avoid positional effects and minimize bias 
in the estimation of the treatment means. Two replications per treatment combination 
were used. The plants were harvested approximately 3 cm above the soil surface in 
each pot at 35, 42, and 49 d after planting. The plants harvested on day 42 were 
returned to the growth chamber in order to harvest 7-d regrowth tissue on day 49.
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Roots were separated from the soil by washing on sieves under running tap water. 
All plant tissue was washed in containers with 0.1 g /L phosphate-free detergent as 
described by Chemey et al. (1983) to remove soil contamination, rinsed several times 
in distilled water, blotted, dried for 48 h at 60 °C and weighed. Plant tissue samples 
were ground to pass a 1-mm sieve, digested in concentrated H N 03, and analyzed with 
an ARL 34000 inductively coupled plasma emission spectrometer (ICPES). Total N 
determination was carried out using the micro-Kjeldahl procedure (Bremner, 1965). 
Analyses o f variance and mean separation tests were performed using routines o f the 
Statistical Analysis System (SAS Institute, 1985).
RESULTS AND DISCUSSION
Dry matter yields - The analysis o f variance o f dry matter yield indicated similar 
trends in the treatment effects on dry matter production at all growth stages. For this 
reason, only results o f dry matter production at 49 d were used to illustrate interaction 
effects of N form and lime rates on yield. Yield data obtained at 35 and 42 d and yields 
o f regrowth are reported in Table A.2. The analysis o f variance o f shoot and root dry 
weights at 49 d after planting indicated a highly significant (p < 0.01) N form x lime 
rate interaction effect.
Dry matter production at each NH4:N 03 ratio, as reflected by relative growth 
indexes (percentages o f the maximum value for the corresponding plant part), indicate 
that maximum shoot growth was obtained at the 50:50 NH4:N 03 ratio at the highest lime 
rate (1.40 g/kg o f CaO), while maximum root growth was obtained at the 0:100
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NH4:N 03 ratio, also at the highest lime rate (Table 4.1). Shoot and root dry matter 
yields increased linearly with increasing lime rates, indicating that lime had a beneficial 
effect on both shoot and root growth of Marshall ryegrass. The beneficial effects of 
lime on root growth were directly related to decreases in exchangeable Al levels, 
indicating that the Al toxicity mechanism, located in the root apical meristems (Clark, 
1977; Lee and Pritchard, 1984) was greatly reduced at lower exchangeable Al levels in 
the soil. The linear increase in relative root growth with increasing lime rates was more 
evident at the two highest NH4-N levels. This result suggests that lime application on 
acid soils might be especially important for enhancing root growth of plants supplied 
with NH4-N. Lime rate effects on total plant growth were very similar to those on 
relative shoot growth.
Maximum shoot growth at the 50:50 NH4:N 03 ratio suggested a maximum 
synergistic effect of N forms when they were present in equal proportions. Synergistic 
effects o f NH4-N and NO,-N on shoot dry matter production have commonly been 
reported (Gashaw and Mugwira, 1981; Huang et al, 1990; Schrader et al., 1972). 
Maximum root growth at the 0:100 NH4:NO? ratio indicated a highly beneficial effect 
o f N 0 3-N on root development o f Marshall ryegrass. The positive effects o f N 0 3-N 
nutrition on root growth reported in these studies have also been observed in corn 
(Schrader et al, 1972). Inconsistencies in the N 0 3-N effect on root growth have been 
reported in sorghum (Galvez and Clark, 1991), presumably due to differences in plant 
metabolism.
Table 4.1. Shoot and root dry weights and relative growth o f Marshall ryegrass at 49 d after planting as influenced by lime rate and by
NH ,:NO, ratios. 4______ 3---------------. .. ... *
Lime rate
N H -N O ,. 4 3
ratio
Shoots Roots Sum
Dry wt. RGf Dry wt. RG Dry wt. RG
g CaO kg'1 g(pot)'1 % g(pot)'1 % g(pot)'1 %
0 0:100 1.61 19b*C§ 0.87 36aB 2.48 26bC
25:75 2.66 31aC 0.58 24bB 3.24 34aC
50:50 2.95 34aC 0.38 16cB 3.33 35aC
75:25 0.74 9cB 0.23 9dC 0.97 lOcC
100:0 0.14 2dC 0.05 2eC 0.19 2dC
0.70 0:100 3.38 40bB 0.73 30cB 4.11 43cB
25:75 5.94 69aB 1.13 46aA 7.07 74aB
50:50 5.47 64aB 0.93 38bA 6.40 66bB
75:25 1.33 16cB 0.56 23 dB 1.89 20dB
100:0 0.90 lOcB 0.25 lOeB 1.15 12eB
1.40 0:100 5.56 65cA 2.45 lOOaA 8.01 83bA
25:75 7.00 82bA 1.26 51bA 8.26 8 6b A
50:50 8.56 lOOaA 1.05 43cA 9.61 lOOaA
75:25 2.20 26dA 0.77 31dA 2.97 31cA
100:0 1.73 20dA 0.73 30dA 2.46 26cA
fRelative growth = (dry weight ^ maximum dry weight) x 100
t  At each lime rate, means due to NH :N 0 3 ratios followed by the same small letter within a column are not significantly different 
at the 0.05 level o f probability according to the Bonferroni test for factorial combination means.
§At each NH4:NO ratio, means due to lime rate, followed by the same capital letter within a colum are not significantly different 
at the 0.05 level o f probability according to the Bonferroni test for factorial combination means. Values are means of two g
replications.
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In general, shoot dry matter yields exhibited a curvilinear pattern with a maximum 
near 50% NH4-N, decreasing rapidly to low values as the proportion of NH4-N increased 
beyond 50%, possibly the result of NH4-N induced yield reductions. Root dry matter 
yields were highest with 100% N 0 3-N and decreased linearly with increasing proportions 
of NH4-N in the fertilizer.
An interaction effect of N form and lime rate on shoot growth was observed in 
this experiment, with the deleterious effects of exchangeable Al on shoot growth being 
more pronounced at the two highest NH4-N concentrations. This result, which was 
consistent with my nutrient solution study (Binns 1993, Chapter II) indicated that the 
deleterious Al effects on shoot growth were greater in the presence o f relatively high 
proportions o f NH4-N, suggesting an additive interaction between NH4-N and Al. An 
interaction effect of N form and lime rate on root growth was also detected (Table 4.1), 
with the deleterious Al effects on root development being more pronounced at the two 
highest NH4-N concentrations.
Orthogonality o f the factorial treatment design used in these experiments facilitated 
the use of standardized partial regression coefficients to statistically assess the relative 
influences of N form and lime rate on shoot and root dry weights. The analysis o f these 
coefficients (Table 4.2) indicated that lime rate generally had a positive effect on plant 
growth. Ammonium-N decreased plant growth, the effect being slightly greater on 
shoots than on roots. The absolute value of the ratio of the two standardized 
coeffiecents indicated that lime rate and NH4-N proportion in the fertilizer had similar
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T able 4.2. Standardized partial regression coefficients for relative impacts o f NH4:N 0 3 ratios 
(N') and lime rates (L') on shoot and root dry weights in Marshall ryegrass at 49 d after 
planting.
Plant part b L 'f bN 't bL'/bN'
Shoot 0.5645 -0.5140 1.10
Root 0.7542 -0.4248 1.78
fStandardized partial regression coefficient for lime rate.
$ Standardized partial regression coefficient for NH4:N 0 3 ratio. The coefficient reflects the 
effect o f the NH ‘NO. ratio in the fertilizer.4 3
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impacts on shoot growth. However, the impact of lime rate on root growth was 1.78 
times that o f the NH4-N effect.
Aluminum concentrations in ryegrass shoots and roots - Although there were 
several exceptions, levels of A1 in ryegrass generally decreased as lime rates increased. 
This result was directly related to lower exchangeable A1 levels in the soil due to lime 
effects. Aluminum levels in ryegrass generally increased as NH4-N levels increased, 
especially at the two lower lime rates. Regardless of lime rate, NH4:N 03 ratios or 
growth stage, concentrations o f A1 in roots were much higher than in shoots (Table 4.3). 
This observation indicates that Marshall ryegrass kept A1 primarily in the roots, with 
very little translocation of A1 from roots to shoots. This result is consistent with the fact 
that Marshall is an Al-tolerant cultivar. Taylor (1991), pointed out that one mechanism 
of A1 tolerance is to restrict translocation of A1 from roots to shoots.
The analysis o f variance of shoot and root A1 concentrations revealed a significant 
(p < 0.05) N form x lime rate interaction effect. The three-way interaction, N form x 
lime rate x age at harvest was also significant.
The lowest A1 concentrations at each harvest and lime rate occurred in shoots 
receiving the 0:100 NH4:N 03 ratio, with values being significantly lower at the highest 
lime rate in original but not in regrowth tissues. The highest A1 concentrations in shoots 
at the 42-d and 49-d growth stages were found in plants grown at the 100:0 NH4:NO, 
ratio at 0 and 0.70 g/kg of CaO, but again concentrations were significantly lower at 
1.40 g/kg o f CaO. This trend also occurred in regrowth tissue although the decreases 
in concentrations were significant at each higher lime rate.
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Table 4.3. Shoot and root A1 concentrations in Marshall ryegrass at three growth stages as






42 d 49 d 7d-R*
Shoot Root Shoot Root Shoot Root
g CaO kg'1 ------ mg k g 1------------
0 0:100 5dfA§ 2118bA 32cA 2342bA 27dA -
25:75 23cA 2016bA 44bA 224 IbA 45cA -
50:50 47bB 2343aA 45bA 2686aA 47cA -
75:25 48bB 2417aA 51bA 2682aA 62bA -
100:0 63 a A 2472aA 76aA 2717aA 77aA -
0.70 0:100 4cA 2016bA 30bA 222IbA 26cA -
25:75 22bA 1918bA 31bB 2112bA 42bA -
50:50 30bC 2224aA 36bB 262laA 42bA -
75:25 27bC 2317aB 40bB 2652aA 43bB -
100:0 62aA 2372aA 74aA 2682aA 70aB -
1.40 0:100 2dB 1918cA 25bB 2014bB 24bA -
25:75 18cB 1972bcA 43 a A 1986bB 38aB -
50:50 5 6a A 2022bcA 35aB 2223aB 38aB -
75:25 55aA 2163abB 37aB 2324aB 40aB -
100:0 31bB 2236aA 40aB 2342aB 41aC -
^Aluminum concentrations were measured in shoots only of 7-d regrowth tissue.
fA t each lime rate, means due to NH4:N 03 ratios followed by the same small letter within 
a column are not significantly different as the 0.05 level of probability according to the 
Bonferroni test for factorial combination means. Values in the table are means o f two 
replications.
§At each NH4:N 03 ratio, means due to lime rate followed by the same capital letter within 
a column are not significantly different at the 0.05 level o f probability according to the 
Bonferroni test for factorial combination means.
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Ammonium-N uptake normally results in production of H+ ions, thus decreasing 
soil pH and increasing the concentration of Al3+ in solution. Decreases in pH o f the 
rhizosphere due to absorptin of NH4:N from the soil at the 100:0 NH4:N 03 ratio could 
have increased the solubility of A1 at the two highest exchangeable A1 levels (two lowest 
lime rates), while this affect was apparently minimized at the lowest exchangeable A1 
levels (highest lime rates).
The highest A1 concentrations in roots were also found at the 100:0 NH4:N 03 ratio 
at both harvest dates and at each lime rate but did not significantly differ from those at 
the 75:25 and 50:50 ratios. Aluminum levels were consistently lower at the 0:100 and 
25:75 NH4:N 03 ratios than at the ratios containing more NH4-N. In general, these 
results suggest that, at relatively high exchangeable A1 levels in the soil, Marshall 
ryegrass roots contained the highest A1 concentrations when NH4-N was 50% of more 
o f the available N. The high concentrations of A1 in roots were less sensitive to N form 
and lime levels than were those in shoots.
In general, A1 concentrations in ryegrass shoots and roots increased as the 
proportion of NH4-N increased and decreased with increasing lime levels. The effect 
o f NH4-N was less apparent at the highest lime rate. Lime effects were most apparent 
at the highest application rate.
Concentrations of Mg. Ca. and K in ryegrass shoots - Mineral analysis showed 
that, relative to N 0 3-N, NH4-N addition decreased the concentrations o f essential cations 
and increased the concentrations o f anions (Table A.3).
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The analysis o f variance of Mg and Ca concentrations in shoots indicated a 
significant (p < 0.05) N form x lime rate interaction effect. The three-way interaction, 
N form x lime rate x age at harvest was highly significant (p < 0.01), indicating a 
different pattern o f the N form x lime rate interaction at different growth stages. The 
remaining effects were not statistically significant. Data from the last two harvests (first 
growth tissue) and from 7-d regrowth tissue were used for the statistical analysis in this 
study (Table 4.4).
In general, the concentration of Mg in ryegrass was highest at 42 d, decreased 
slightly at 49 d, and declined more sharply in regrowth tissue. This observation was 
inconsistent with findings of Chemey and Robinson (1985). The discrepancy between 
these two studies was likely due to higher Mg levels and the absence o f exchangeable 
A1 in their soil when regrowth tissue was harvested. It is important to point out that the 
concentration of Mg in regrowth tissue was always lower than the critical value o f 2.0 
g/kg associated with the incidence of grass to tetany, indicating a relatively higher grass 
tetany potential in regrowth than in first growth tissue on this soil. Shoot Mg 
concentrations decreased somewhat with plant age, probably the result o f diluted 
concentrations due to greater dry matter accumulation.
The interaction effect of N form and lime rate on shoot Mg concentration was 
indicated by decreasing shoot Mg concentrations with increasing proportions o f NH4-N 
in the fertilizer, the effect being more pronounced in the absence of lime (Table 4.4). 
This result was observed in first growth tissue (42 and 49 d) and to a lesser extent in 
regrowth tissue.
Table 4.4. Concentrations o f  Mg, Ca, and K in shoots o f Marshall ryegrass at three growth stages as influenced by lime rates and by







42 d 49 d 7R 42 d 49 d 7R 42 d 49 d 7R
g CaO kg' i . . .  g kg-'~
0 0:100 1.92atCt 1.86aC 0.57aB 2.42aB 2.3 laB 1.22aB 47,4aA 43.2aA 56.2aA
25:75 1.36bB 1.32bC 0.68aB 2.04bC 2.02bC 1.21aB 43.4aA 41.6aA 55.8aA
50:50 l.OlcB 0.97cB 0.64aC 1.68cC 1.65cC 1.02abC 42.1aA 42.4aA 56.7aA
75:25 0.66dB 0.59dB 0.39aB 1.31dC 1.29dC 0.96bC 39.6aA 37.1abA 52.1aA
100:0 0.31eC 0.26eC 0.27aC 1.02eC 1.03dC 0.88bC 38.4aA 32.6bA 47.5aA
0.70 0:100 2.34aB 2.13aB 1.79aA 2.62aB 2.57bB 1.36aB 46.2aA 41.2aA 53.1aA
25:75 2.18aA 2.08aB 1.70aA 2.59aB 2.51bB 1.34aB 46.0aA 40.3 a A 54.5aA
50:50 1.02abA 2.00aA 1.72aA 2.43abB 3.01aB 1.41aB 43.9aA 38.7aA 51.8aA
75:25 1.94b A 1.89aA 1.63aA 2.21bB 2.17cB 1.23abB 40.5aA 32.6aA 49.6aA
100:0 1.23cB 1.08bB 1.54aA 2.18bB 2.01cB 1.07bB 39.7aA 31.2aA 49.5aA
1.40 0:100 2.86aA 2.54aA 1.91baA 4.61aA 4.33aA 2.62aA 52.8aA 47.2aA 51.6aA
25:75 2.14bA 2.20aA 1.87aA 4.76aA 4.18aA 2.43 aA 51.7aA 46.3aA 50.3aA
50:50 2.16bA 2.07abA 1.46abA 4.22bA 4.02aA 2.3 IbA 50.3aA 40.9abA 48.6aA
75:25 1.97b A l.93bA 1.45b A 3.99bA 3.98aA 2.02cA 42.7abA 39.7abA 43.4aA
100:0 1.85bA 1.47cA 1.23bB 3.26cA 3.06bA 1.97cA 37.4bA 36.5bA 41.3aA
fA t each lime rate means due to NH :NO?ratiosfollowed by the same small letter within a column are not significantly different 
at the 0.05 level of probability according to the Bonferroni's protection test for factorial combination means. Values in the table 
are means o f two replications.
$At each NH4:NO, ratio means due to lime rate followed by the same capital letter within a column are not significantly different 
at the 0.05 level of probability according to the Bonferroni's protection test for factorial combination means. "J
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Table 4.3 shows, in fact, that A1 levels in ryegrass shoots increased significantly 
with increasing proportions of NH4-N in the absence of lime at both 42 and 49 d. The 
results o f Tables 4.3 and 4.4 thus suggest that high exchangeable A1 levels in the 
absence o f lime could have inhibited Mg uptake by Marshall ryegrass. In general, the 
decreases in shoot Mg concentration with increasing proportions o f NH4-N observed in 
my study were in agreement with findings of Nielsen and Cunningham (1964), that 
percent Mg in annual ryegrass plants were always higher with N 0 3-N than with NH4-N.
At both 42 and 49 d, shoot Mg concentrations were always lower than the critical 
value for grass tetany in the absence o f lime, indicating a greater grass tetany hazard. 
Shoot Mg concentration generally increased with increasing lime rates (Table 4.4), 
apparently due to the beneficial effect of lime on decreasing exchangeable A1 levels in 
the soil. In general, the grass tetany potential, as indicated by shoot Mg levels, was 
relatively low at lime rates of 0.70 and 1.40 g/kg of CaO, except in plants receiving 
complete NH4-N nutrition.
At the 42-d growth stage, shoot Mg concentrations significantly increased with each 
increase in lime rate at the 0:100 and 100:0 NH4:N 03 ratios. This was related to 
decreases in exchangeable A1 levels. At the 25:75, 50:50, and 75:25 NH4:N 0 3 ratios, 
increases in shoot Mg concentrations with increasing lime rates were not pronounced 
and were not significantly different at 0.70 and 1.40 g/kg of CaO.
At the 49-d growth stage, shoot Mg concentrations significantly increased with each 
increase in lime rate at the 0:100, 100:0, and 25:75 NH4:NO, ratios. At the 50:50 and 
75:25 NH4:N 03 ratios, increases in shoot Mg concentrations with increasing lime rates
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were not pronounced, with values found at 0.70 and 1.40 g/kg o f CaO not significantly 
differing.
In regrowth tissue, the highest shoot Mg concentrations increased with lime rate but 
values at 1.40 g/kg of CaO were not significantly different from those at 0.70 g/kg o f 
CaO except at the 100:0 NH4:N 03 ratio. The lowest shoot Mg concentrations 
consistently occurred at 0 g/kg o f CaO, likely due to high exchangeable A1 levels.
Shoot Ca concentrations were generally higher than shoot Mg concentrations except 
in regrowth tissue, at 0.70 g/kg o f CaO. Nitrogen forms, lime rates and their 
interactions effected shoot Ca concentration similarly to shoot Mg concentrations. Shoot 
Ca concentrations decreased with increasing proportions o f NH4-N in the fertilizer, with 
the effect being more pronounced in the absence of lime. These decreases in shoot Ca 
concentrations in the absence of lime could have been due to adverse A1 effects on Ca 
uptake or to lower availability o f Ca in the soil.
Huang et al. (1993) showed that A1 did not greatly reduce the translocation o f Ca 
from roots to shoots in Al-tolerant cultivars of wheat forages, but it primarily inhibited 
root Ca uptake and only at very high levels. Gill and Reisenauer (1993) reported 
reduced Ca uptake by wheat and tomato in unbuffered NH4-N cultures. Since Marshall 
ryegrass is an Al-tolerant cultivar, the observed decreases in shoot Ca concentrations 
probably were not due to Al interferences with long distance transport o f Ca, but to 
either decreases in total Ca uptake or lower Ca availability in the absence of lime. The 
results of my study suggest that the use of Al-tolerant cultivars o f annual ryegrass on
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acid soils might be an efficient agricultural practice to maintain adequate Ca nutrition 
for ruminants.
Nielsen and Cunningham (1964) reported that percent Ca was always lower with 
NH4-N than with N 0 3-N in annual ryegrass. As expected, shoot Ca concentrations 
increased with increasing lime rates and slightly decreased with plant age (Table 4.4). 
Calcium concentrations were higher than those of Mg at all NH4:N 0 3 ratios. The 
observation that NH4-N depressed Mg more than it depressed Ca concentrations was in 
agreement with findings of Cox and Reisenauer (1977), who reported that in wheat Ca 
was less affected than Mg by NH4-N.
At the 42-d growth stage, shoot Ca concentrations significantly increased with each 
increase in lime rate at all NH4:N 03 ratios except 0:100, where the lowest shoot Ca 
concentration was found at 0 g/kg of CaO, not significantly differing from that at 0.70 
g/kg of CaO. A very similar pattern was observed at the 49-d growth stage. In 
regrowth tissue, shoot Ca concentrations significantly increased with each increase in 
lime rate at the 50:50, 75:25, and 100:0 NH4:N 03 ratios, while at the 0:100 and 25:75 
NH4:N 03 ratios, increases in shoot Ca concentrations with increasing lime rates were not 
very pronounced. The lowest shoot Ca concentration was found at 0 g/kg o f CaO, not 
significantly differing from that at 0.70 g/kg of CaO. These results suggest, in general, 
that lime applications are beneficial for increasing shoot Ca levels in Marshall ryegrass, 
especially when NH4-N represents 50% or more of the applied N.
Shoot K concentrations were not significantly affected by lime rate or NH4:N 0 3 
ratio but were always higher in regrowth than in first growth tissue. A slight decrease
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in shoot K concentrations was observed at 49 d, probably due to the dilution effect. The 
observation that shoot K concentrations were not significantly influenced by N form in 
this experiment was consistent with findings of Nielsen and Cunningham (1964) who 
found very little effect of N form on percent K in annual ryegrass. This result suggests 
that relatively little competition for active uptake sites occurred between NH4-N and K 
ions in this soil where K additions were 1.8 times the added N levels. Potassium uptake 
has been found to be considerably increased by the phenomenon of facilitated diffusion 
and by the high affinity of its uptake system (Kochian et al., 1989). It is also possible 
that the transport of K was greatly facilitated by young biological membranes in the 
regrowth tissue.
The equivalent ratio of K7(Ca + Mg') in shoots - A significant (p < 0.05) lime rate 
x age interaction effect on the equivalent ratio of K/(Ca + Mg) was indicated by the 
higher ratio and thus the higher potential for grass tetany in regrowth than in first 
growth tissue in the absence o f lime (Table 4.5). In general, the grass tetany potential 
was low at 0.70 and 1.40 g/kg o f CaO. Regrowth tissue at 0.70 g/kg of CaO had a ratio 
> 2.2, but it was not significantly higher than that at 42 or 49 d. The ratio o f K/(Ca + 
Mg) significantly decreased at all growth stages where lime was applied (Table 4.5).
The small increases in the ratio of K/(Ca + Mg) with age (from 42 to 49 d) 
observed in my study were inconsistent with results o f Chemey and Robinson (1985). 
The observation that the ratio o f K/(Ca + Mg) in regrowth tissue was significantly 
higher than that of 49 d tissue was in good agreement with results obtained by these 
researchers. Since this significant difference was observed only in the absence o f lime,
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Table 4.5. Equivalent ratios o f YJ (Ca + Mg) in shoots of Marshall ryegrass as influenced 
by age at harvest and by lime rates.
Age at harvest
0





42 2 .31bW 2.02aB 1.98aB
49 2.46bA 2.14aB 2.1 laB
7R 3.52aA 2.27aB 2.19aB
f  At each lime rate, means due to forage age, followed by the same small letter within a column 
are not significantly different at the 0.05 level of probability according to the Bonferroni test 
for factorial combination means.
^At each age, means due to lime rates followed by the same capital letter within a row are 
not significantly different at the 0.05 level o f probability. Values are means o f five NH4:N 03 
ratios and two replications (10 observations/mean).
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the results of my experiment suggest that exchangeable Al level in the soil was a key 
factor in determining the high grass tetany potential of regrowth tissue relative to first 
growth tissue. This effect was likely more pronounced in regrowth tissue because of 
lower Mg levels in the soil due to Mg removal in the first harvest. This finding is also 
supported by Al concentration data presented in Table 4.3 which show that, except at 
the 0:100 NH4:NO, ratio, Al levels in shoots o f Marshall ryegrass were relatively higher 
in regrowth tissue than in 49-d tissue in the absence o f lime (highest exchangeable Al 
levels in the soil). The key role o f Al in the etiology o f grass tetany has been discussed 
(Rengel and Robinson, 1989a; 1991).
Concentrations of Mg. Ca. and K in ryegrass roots - An interaction effect o f N 
form and lime rate on root Mg concentrations was indicated by decreasing root Mg 
concentrations with increasing proportions of NH4-N in the fertilizer at both 42 and 49 
d (Table A.4), the effect being more pronounced in the absence of lime. These 
decreases in root Mg concentrations with increasing levels of NH4-N were consistent 
with findings in the nutrient solution study (Binns 1993, Chapter II) and could have been 
the result of NH4-induced imparement of Mg adsorption in the DFS. These data plus 
data in Table 4.4 indicate that increased NH4-N levels in the soil decreased total Mg 
uptake rather than Mg translocation from roots to shoots. Grunes et al. (1970) reported 
that high soil or solution K levels reduced Mg translocation rather than total Mg uptake.
In general, root Mg concentrations increased with increasing lime rates at 42 and 49 
d, although differences between the 0.70 and 1.40 g/kg of CaO rates were small. Root 
Mg concentrations decreased with age, presumably due to dilution associated with
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increases in dry matter accumulation. Like root Mg concentrations, root Ca 
concentrations decreased with increasing NH4-N proportions at 42 and 49 d. Highest 
root Ca concentrations occurred at the highest lime rate. Decreases in tissue 
concentrations of divalent cations (mainly Mg and Ca) with increasing levels of NH4-N 
have already been reported (Claassen and Wilcox, 1974; Cox and Reisenauer, 1973). 
Root K concentrations decreased with age at each lime rate and with increasing 
proportions o f NH4-N in the fertilizer, with similar N form effects at each harvest. 
Lower K concentrations could have been the result o f competition between NH4-N and 
K ions for uptake sites (Barber, 1984; Cox and Reisenauer, 1973). Lime rates did not 
consistently influence root K concentrations.
The results of my study indicate that soil acidity levels and tissue age at harvest had 
the greatest influence on the grass tetany potential of Marshall ryegrass, as indicated by 
the equivalent ratio of K/(Ca + Mg). Increases in shoot Mg concentrations with 
increasing lime rates suggest that high levels o f exchangeable Al in the soil could have 
competitively inhibited Mg uptake. Calcium uptake could have been decreased by lower 
Ca availability in the absence o f lime or by adverse Al effects on Ca uptake. The 
observation that shoot K concentrations were not significantly affected by lime rate or 
NH4:N 03 ratio, but were higher in regrowth than in first growth tissue suggests that 
tissue age was a key factor determining shoot K concentrations in this study. The 
observation that increasing NH4-N levels in the soil did not affect the translocation o f 
Mg from roots to shoots suggests that the N form effect on shoot Mg concentrations was 
more likely associated with decreases in total Mg uptake.
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The principal changes in the grass tetany potential, as indicated by the ratio of 
K/(Ca + Mg), were associated with adverse Al effects on Mg and Ca uptake and with 
the high rate o f K uptake, especially in young, regrowth tissue. The results o f this study 
indicate that lime applications to acid soils are very important in reducing the influence 
o f Al on the development o f grass tetany. Nitrogen in the NH4-N form and K fertilizer 
applications should be avoided near the grass tetany season, particularly in acid soils, 
to prevent increases in K and decreases in Mg and Ca concentrations in the forage.
Total nitrogen concentrations and contents - The analysis o f variance o f shoot and 
root N concentrations revealed a significant (p < 0.05) N form x lime rate interaction 
effect. The three-way interaction, N form x lime rate x age at harvest was also 
significant (p < 0.05), indicating a different pattern o f the N form x lime rate interaction 
at each growth stage.
As expected, total N concentrations in shoots decreased with age, regardless o f 
NH4:N 03 ratio or lime rate (Table 4.6). These decreases were generally consistent with 
results reported in my nutrient solution study (Binns 1993, Chapter II). Changes in root 
N concentrations with age were less consistent, particularly in the absence o f lime. In 
general, total N concentrations in shoots were much higher than in roots, regardless of 
lime rate. This result suggests that Al did not interfere with the translocation o f N from 
roots to shoots, an effect also obtained in sorghum by Galvez and Clark (1991). Gomes 
et al. (1985) reported, however, that Al significantly interfered with N translocation from 
roots to shoots in sorghum, presumably due to adverse Al effects on root pressure 
development.
Table 4.6. Total nitrogen concentrations in shoots and roots o f  Marshall ryegrass at three growth stages as influenced by
lime rates and by NH4:N 03 ratios.
Growth Stages
Lime rate NH 'NO. ratio4 3
35 d 42 d 49 d
Shoot Root Shoot Root Shoot Root
g CaO kg'1 --------------g kg-1-
0 0:100 41.7atBt 5.8cC 40.8aB 6.0cB 21.3aA 5.2cB
25:75 40,7aB 5.9cB 40.0aB 6.2cB 22.1aA 5.4cB
50:50 40.3aB 14.7bB 39.1aA 15.2bB 21.1aA 13.IbA
75:25 38.5abB 22.3aB 36.6abB 21.9aA 21.0aB 18.2aA
100:0 37.6bB 24.6aB 35.4bB 23.2aA 19.7aB 19.4aA
0.70 0:100 52.3aA 21.3abA 50.7bA 20.6aB 25.2bA 10.3aA
25:75 52.1aA 21,9ab A 54.5aA 22.6a A 22.3bA 12.5aA
50:50 50.7abA 22.5aA 46.5cA 21.2aA 22. IbA 12.6aA
75:25 47.9bcA 24.6aA 46.5cA 23.6aA 35.1aA 11.3aA
100:0 45.6c A 18.7cA 44.7cA 12.4bB 32.0aA 9.2aB
1.40 0:100 48. laA 10.4cB 47.0aA 9.8cB 24.6bA 12.7bA
25:75 50.2aA 21.6bA 49.8aA 20.3bA 20. IbA 10.3bA
50:50 43.7bB 2 1.4b A 41.6bA 20. IbA 16.3cA 11,2bA
75:25 42.2bcA 19.7bA 40.8bcA 19.3bA 31.5aA 15.6bA
100:0 39.3cB 30.2aA 36.2cB 20.8aA 29.7aA 21.2aA
fA t each lime rate, means due to NH4:N 03 ratios followed by the same small letter within a column are not significantly 
different at the 0.05 level o f probability according to the Bonferroni test for factorial combination means.
tA t each NH4:N 03 ratio, means due to lime rate followed by the same capital letter within a colum are not significantly 
different at the 0.05 level of probability according to the Bonferroni test for factorial combination means. Values are 
means o f two replications.
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Shoot N concentrations generally decreased with increasing proportions o f NH4-N, 
with different patterns at each lime rate. Significant increases in shoot N concentrations 
were observed in older plants (49 d) when NH4-N was more than 50% of the available 
N at 0.70 and 1.40 g/kg of CaO. These increases could have been due to poor growth 
at high NH4-N levels. At all other combinations o f plant age and lime rate, shoot N 
concentrations decreased with increases in NH4-N in the fertilizer.
Root N concentrations were generally higher in limed than in unlimed soil. Where 
lime was applied, the effects of NH4:N 03 ratios on root N concentration were generally 
small and inconsistent. In the absence of lime, root N concentrations significantly 
increased with increasing proportions of NH4-N in the fertilizer at all growth stages 
(Table 4.6). These higher root N concentrations could have been due to poor growth 
at higher NH4-N or Al levels. However, since NH4:NO, ratios did not greatly influence 
root N concentrations at 0.70 and 1.40 g/kg o f CaO, it might be inferred that yield 
reductions due to NH4-N were more severe in the presence o f high exchangeable Al 
levels, evidencing the interactive effect between NH4-N and Al.
Total N contents, the products of plant yields and N concentrations, were much 
higher in shoots than in roots, regardless o f NH4:N 03 ratio, lime rate or plant age (Table 
4.7). This observation suggests that the factors under study did not greatly influence N 
translocation from roots to shoots. Since most plant N was translocated into shoots and 
only a small fraction remained in roots, the discussion that follows refers specifically to 
total plant N content.
Table 4.7. Total nitrogen contents in shoots and roots o f  Marshall ryegrass at three growth stages as influenced
by lime rates and by NH4:N 0 3 ratios.
Lime
rate
NH-N O ,.4 3
ratio
Growth Stages
35 d _.42..d . 49 d
Shoot Root Sum Shoot Root Sum Shoot Root Sum
g CaO kg '1 ------------mg (pot)
0 0:100 6.2 3.4 9.6afCt 28.4 3.9 32.3cB 34.3 4.5 38.8bC
25:75 8.1 4.6 12.7aC 46.2 12.4 58.6aA 58.8 3.1 61.9aB
50:50 8.7 3.8 12,5aB 49.8 6.2 56.0aA 62.2 5.0 67.2aB
75:25 4.4 1.6 6.0bB 55.5 1.3 56.8aA 9.8 4.2 14.0cC
100:0 1.9 0.8 2.7bB 41.2 3.8 45.0bA 2.6 0.9 3.5dC
0.70 0:100 33.7 4.2 37.9aA 64.8 2.8 67.6aA 85.3 7.5 92.8cB
25:75 34.6 2.6 37.2aA 11.7 1.4 13.1cB 132.4 14.1 146.5aA
50:50 32.4 3.1 35.5aA 10.8 1.7 12.5cC 120.8 11.7 132.5bA
75:25 22.9 7.6 30.5bA 17.6 5.2 22.8bC 46.7 6.3 53.0dB
100:0 15.9 2.3 18.2cA 6.7 3.2 9.9cC 28.8 2.3 31.1eB
1.40 0:100 19.8 1.6 21.4bB 8.3 0.9 9.2dC 136.7 31.1 167.8aA
25:75 20.7 3.2 23.9bB 12.1 1.8 13.9cB 140.6 12.9 153.5bA
50:50 12.6 1.8 14.4cB 23.3 2.4 25.7bB 139.6 11.8 151.5bA
75:25 26.4 2.6 29.0aA 30.8 4.1 34.6aA 69.3 12.0 81.3cA
100:0 21.6 3.8 25.4aA 18.1 4.2 22.3bB 51.2 7.8 59.0dA
t  At each lime rate, means due to NH :N 03 ratio followed by the same small letter within a column are not 
significantly different at the 0.05 level o f probability according to the Bonferroni test for factorial combination 
means.
t  At each NH :N 03 ratio, means due to lime rate followed by the same capital letter within a colum are not 
significantly different at the 0.05 level o f probability according to the Bonferroni test for factorial combination 
means. Values in the table are means o f two replications.
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The analysis o f variance of total plant N content revealed a significant (p < 0.05) N 
form x lime rate interaction effect. The three-way interaction, N form x lime rate x age 
at harvest was also significant (p < 0.05), indicating a different pattern o f the N form 
x lime rate interaction at each growth stage. The remaining effects were not statistically 
significant.
Total N content in Marshall ryegrass was difficult to interpret because o f 
inconsistencies among harvests. In general, total N content was greatest where available 
N was 50% or less NH4-N at 0 and 0.7 g/kg of CaO. However, at 42 d the highest N 
contents occurred with 25, 50, or 75% NH4-N in the fertilizer where no lime was 
applied. At the 0.7 g/kg CaO rate, total N uptake was significantly higher with 100% 
N 0 3-N than at any other NH4:N 03 ratio. At the highest lime rate, maximum N content 
occurred with 75 and 100% NH4-N at 35 d, with 75% NH4-N at 42 d, and with 0% 
NH4-N at 49 d. It is apparent from these results that total N content o f Marshall 
ryegrass was affected differently by lime and by NH4:N 03 ratios at different ages.
Total N uptake at the three harvests (Table 4.8) shows that N uptake consistently 
decreased when NH4-N was more than half of the available N, especially at 0 and 0.70 
g/kg o f CaO. Total N uptake by ryegrass generally increased with increasing lime rates, 
especially at increasing NH4-N levels. Where lime was applied, recovery o f applied N 
by the ryegrass was consistently highest where available N was primarily in the N 0 3-N 
form (50 to 100% N 0 3-N). Where NH4-N exceeded 50% of the available N, total N 
uptake declined sharply with the effect being greater in more acid soil.




ratio Total N uptake Residual Soil N f
N uptake plus 
residual soil N
g CaO kg '1 mg (pot)’1 % o f mg (pot)-1 % o f % o f
applied1 applied applied
0 0:100 80.7 40.4b§B¥ 117.6 58.8bA 99.2
25:75 133.2 66.6aB 63.2 31.6cA 98.2
50:50 135.7 67.9aB 61.9 31.0cA 98.8
75:25 76.8 38.4bC 121.3 60.7bA 99.1
100:0 51.2 25.6cB 144.6 72.3aA 97.9
0.70 0:100 198.3 99.2aA 0.9 0.5dB 99.6
25:75 196.8 98.4aA 2.7 1.4dB 99.8
50:50 180.5 90.2aA 14.6 7.3cB 97.6
75:25 106.3 53.2bB 81.4 40.7bB 93.9
100:0 59.2 29.6cB 138.1 69.1aA 98.7
1.40 0:100 198.4 99.2aA 1.4 0.7dB 99.9
25:75 191.3 95.7aA 7.6 3.8cB 99.5
50:50 191.5 95.8aA 8.1 4. lcB 99.8
75:25 145.2 72.6bA 47.7 23.9bC 96.5
100:0 106.7 53.4cA 88.4 44.2aB 97.6
fSoil samples from each pot were analyzed for total NH4+ N 0 3-N 49 d after planting.
^Total N initially applied to the soil was 200 mg /pot.
§ At each lime rate, means due to NH :N 03 ratio followed by the same small letter within a column are not 
significantly different at the 0.05 level o f probability according to the Bonferroni test for factorial combination 
means.
¥At each NH :N 03 ratio, means due to lime rate followed by the same capital letter within a colum are not 
significantly different at the 0.05 level o f probability according to the Bonferroni test for factorial combination 
means.
I l l
These results suggest that N recovery by Marshall ryegrass was greatly reduced by 
lower availability of the less mobile NH4-N, especially at high exchangeable Al levels. 
Decreases in total N uptake at higher NH4-N levels in the soil could have been due to 
yield reductions as well as to the fact that NH4-N is less mobile than NO?-N, most of 
it being on the exchange sites and relatively small quantities are present in the soil 
solution. The uptake o f less mobile elements is greatly reduced by reduced root growth.
At low exchangeable Al levels in the soil, root growth and thus nutrient uptake 
processes are enhanced. This soil condition, along with the presence of the highly 
mobile N 0 3-N resulted in greater total N uptake in my experiment. Residual soil N 
generally decreased with increasing lime rates and with increasing proportions of N 0 3-N 
in the fertilizer (Table 4.8). Approximately 98% of the N applied was either taken up 
by ryegrass or remained in the soil. Nitrogen recovery by Marshall ryegrass ranged 
from 25 to over 99% of the N applied.
Data in Table A.5 show that the initial NH4-N and N 0 3-N levels after incubation of 
Stough soil were less than 2 mg/kg.. Data in Table 4.8 indicate that available N losses 
in these experiments were minimal. Apparently, there were no N gains from 
mineralization of soil organic N in this experiment, which was consistent with the 
common observation that mineralization rates in acid soils in Louisiana are very low.
It is possible, however, that some mineralization o f indigenous soil organic N 
occurred, particularly at the highest lime rate, enhancing N uptake from soil-derived N. 
Since the fertilizer N in my study was not labelled, it was impossible to differentiate 
between uptake o f fertilizer-derived N and soil-derived N. Apparently any N gains from
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mineralization nearly equaled N losses, since the total N accounted for by plant and soil 
recovery was nearly 100%.
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SU M M ARY AND CO NC LUSIO NS
A research project was conducted to evaluate possible interaction effects o f N form 
and Al on growth, N absorption and chemical composition o f annual ryegrass (Lolium 
multiflorum Lam) cv. Marshall. In both nutrient solution and soil experiments, 
significant interaction effects o f N form and Al on most measured parameters were 
found.
Marshall ryegrass plants grew better in nutrient solutions containing both NH4-N 
and NO3-N than when either was the only N source, indicating synergistic effects of N 
forms. In general, Marshall ryegrass maintained higher shoot growth under Al stress 
with mixed N forms where NH4-N represented 25 or 50% of the available N, while it 
maintained higher root growth under Al stress when NO,-N represented 100% of the 
available N. These relationships were more evident in older plants. Aluminum in 
solution increased the ratio of K/{Ca+Mg), supporting the suggestion that Al has a key 
role in the etiology of grass tetany.
Aluminum in solution stimulated the absorption o f NH4-N and depressed the 
absorption of N 0 3-N. A complete understanding of the interactive effects o f N form and 
Al on N absorption requires further definition o f the processes and mechanisms 
controlling the uptake rates o f both ions. The influences o f Al on the uptake kinetic 
parameters o f these two ions are not known.
Interactions of N form and plant age affected influx rates o f essential cations. A 
significant positive correlation was found between influx rates and adsorption in the DFS
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of Mg and Ca but not o f K, suggesting that the influence o f the exchangeable A l3+ 
fraction on ion accumulation in Marshall ryegrass roots was greater for divalent than for 
monovalent ions.
The studies showed that lime applications to highly acid Stough sandy loam soil 
increased ryegrass yields and concentrations o f Ca and Mg and decreased the grass 
tetany potential as indicated by the lower equivalent ratios o f K(Ca+Mg). Highest yields 
were consistently obtained where NH4-N comprised 25 or 50% of the available N, while 
lowest yields occurred with 75 and 100% NH4-N. The adverse NH4-N effects on yield 
were more pronounced in more acid soils. Higher levels o f soil acidity (exchangeable 
A l) depressed root growth more than shoot growth. Forage Mg and Ca concentrations 
decreased as the porportion o f NH4-N in the available N increased, especially where no 
lime was applied. Concentrations of Ca and Mg were greatly reduced in regrowth 
tissue. The equivalent K(Ca+Mg) ratio in the forage was higher at 49 than at 42 d and 
higher still in 7-d-old regrowth tissue. The ratios were consistently greater than 2.2, 
indicating a high grass tetany potential where no lime was applied. Surprisingly, the 
K(Ca+Mg) ratios of the forage were not significantly influenced by the NH4:N 03 ratio 
applied to the soil. Nitrogen concentrations in the forage and total N uptake decreased 
with increasing proportions o f NH4 in the applied N, especially at higher levels of 
acidity. Total N uptake ranged from 25% to 68% of the applied N at soil pH 4.4 and 
from 53 to 99% of the applied N at pH 5.1. Lower levels o f N uptake resulted in higher 
levels of residual soil N.
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These results indicate that high levels of soil acidity and exchangeable A1 depress 
ryegrass yields and increase the grass tetany potential o f the forage. The use o f a N 
fertilizer that provides more than 50% of the N in the NH4 form would be expected to 
intensify the soil acidity effects by further depressing forage yield and Ca and Mg 
concentrations in the forage. The adverse effects of high NH4 levels would likely be 
greatest when soils are cold and wet enough to retard nitrification, the usual conditions 
during the grass tetany period. It appears that the use of a fertilizer that contains only 
NO,-N would produce forage with the highest Mg concentration but would yield 
significantly less than if both NH4-N and N 0 3-N were supplied in about 25:75 to 50:50 
ratios.
These studies re-emphasize the importance of a liming program adequate to reduce 
exchangeable A 1 to low levels for the production of high-yielding, high-quality ryegrass. 
They further indicate that supplying more than 50% of the N in the NH4 form will 
intensify the adverse affects of soil acidity on forage yields and increase its contribution 
to the incidence of grass tetany while leaving more residual N in the soil. If  the soil 
conditions are favorable or become favorable for nitrification, the residual soil N could 
potentially increase environmental problems.
APPENDIX
SUPPLEM ENTARY TABLES FO R THE STUDY
TABLE A. 1 Concentrations of P, S, and Na in shoots and roots o f Marshall ryegrass grown 
at different N H 'N O , ratios with and without A l.4 3
Concentration1
A l in
nutrient NH4:N 03 P S Na
solution mmolar ratios Shoots Roots Shoots Roots Shoots Roots
umol L '1 a - l_______-------- mg g  ---------- -
0 0:8 2.32d*A§ 0 .13dB 3.81cA 0.2 IdA 5.21aA 1.14aB
2:6 2.20dB 0.45cA 3.22dA 0.72cA 2.66bB 0.94bB
4:4 3.36cB 0.74bB 3.94cA 1.20bB 1.72cB 0.86bB
6:2 4.29bA 1.69aB 4.08bB 1.33bB 0.87dB 0.36cB
8:0 5.06aA 1.59aB 6.34aA 1.61aB 0.74dA 0.1 IdA
74 0:8 2.03dA 0.48cA 3.89cA 0.24dA 4.10aB 1.99aA
2:6 4.30bA 0.51cA 3.31dA 0.71cA 3.10bA 1.41bA
4:4 4.31bA 2.48bA 3.34dB 1.61bA 2.13cA 1.25bA
6:2 3.28cB 4.62aA 4.48bA 1.58bA 1.80cA 0.7 IcA
8:0 4.80aB 4.72aA 6.08aB 1.80a A 0.38dB 0.04dA
tV alues in the table correspond to plants harvested after 18 d o f A 1 treatment and are means 
o f three replications.
^At each Al level means due to NH4:N 03 ratio followed by the same small letter within a 
column are not significantly different at the 0.05 level o f probability according to the 
Bonferroni test for factorial combination means.
§At each NH4:N 0 3 ratio, Al means followed by the same capital letter within a column are 
not significantly different at the 0.05 level of probability according to the Bonferroni test for 
factorial combination means. Values are means of three replications.
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TABLE A.2 Shoot and root dry weights o f Marshall ryegrass at 35 d, 42 d, and 7-d regrowth tissue as influenced by lime rates and by 





. 35 d 42 d 7-d regrowth1
Shoot Root Sum Shoot Root Sum Shoot Root Sum
g CaO kg'1 --------- g (pot)'1-
0 0:100 0.15 0.14 0.29a*B§ 0.70 0.13 0.83bC 0.08bcB _ _
25:75 0.20 0.11 0.3 laC 1.16 0.08 1.24aC 0.13abC - -
50:50 0.21 0.08 0.29aC 1.28 0.05 1.33aC 0.19aC - -
75:25 0.11 0.04 0.15bC 0.15 0.04 0.19cC 0.06cC - -
100:0 0.05 0.01 0.06bC 0.04 0.01 0.05cB O.OlcA - -
0.70 0:100 0.72 0.22 0.94aA 1.28 0.30 1.58cB 0.16cB _ _
25:75 0.67 0.16 0.83aB 2.60 0.20 2.80aB 0.4 lbB - -
50:50 0.64 0.19 0.83aB 2.34 0.13 2.47bB 0.76aB - -
75:25 0.48 0.10 0.58bB 0.40 0.10 0.50dB 0.3 lbB - -
100:0 0.35 0.05 0.40bB 0.15 0.40 0.19eB 0.12cA - -
1.40 0:100 0.72 0.27 0.99bA 2.39 0.47 2.86bA 0.32dA
25:75 0.87 0.20 1.07bA 2.96 0.20 3.16aA 0.79bA - -
50:50 1.89 0.20 2.09aA 3.21 0.16 3.37aA 1.24aA - -
75:25 0.63 0.16 0.79cA 0.76 0.10 0.86cA 0.51cA - -
100:0 0.55 0.08 0.63cA 0.50 0.04 0.54dA 0.14eA - -
fD ry  weights were measured for shoots only of 7-d regrowth tissue.
$ At each lime rate, means due to NH4:N 03 ratio followed by the same small letter within a column are not 
significantly different at the 0.05 level o f probability according to the Bonferroni test for factorial combination 
means.
§A t each NH4:N 03 ratio, means due to lime rate followed by the same capital letter within a colum are not 





TABLE A .3 Concentrations o f  P, S, and Na in shoots o f  Marshall ryegrass grown at five






g CaO kg'1 ------m g g "1—
0 0:100 0.86b*B§ 2.19cB 0.69aA
25:75 0.92bB 3.23bB 0.36bB
50:50 0.85bC 3.33bB 0.25cB
75:25 l.OlaC 4.62aB 0.14dB
100:0 1.08aC 4.7 laB 0.03eA
0.70 0:100 1.11 bA 2.73cA 0.71aA
25:75 1.07bB 3.50bB 0.57bA
50:50 1.1 lbB 3.41bB 0.34cB
75:25 1.25aB 4.71aAB 0.20dB
100:0 1.34aB 4.93aAB 0.12dA
1.40 0:100 1.20dA 2.53eA 0.87aA
25:75 1.35cA 3.88dA 0.57bA
50:50 1.38bcA 4.38cA 0.57bA
75:25 1.47abA 4.95bA 0.45cA
100:0 1.56aA 5.18aA 0.08dA
'(The data correspond to the plants harvested 49 d after planting.
$ At each lime rate, means due to NH4:N 03 ratios followed by the same small letter within 
a column are not significantly different as the 0.05 level of probability according to the 
Bonferroni test for factorial combination means. Values in the table are means o f two 
replications.
§At each NH4:NO, ratio, means due to lime rate followed by the same capital letter within 
a column are not significantly different at the 0.05 level of probability according to the 
Bonferroni test for factorial combination means.
TABLE A.4 Concentrations o f  Mg, Ca, and K in roots o f Marshall ryegrass at two growth stages as influenced by lime rates
and by NH4:N 0 3 ratios.
L in e  rate NH,:NOj ratio4 3
Concentrations
Mg Ca K
42 d 49 d 42 d 49 d 42 d 49 d
g C’aO kg'1 --------------- g kg->-
0 0:100 0.57atBt 0.56aB 1.18aB 1.08aB 2.7aA 2.62aA
25:75 0.46bB 0.43bB 1.19aB 1.06aB 2.1&A 2.57aA
50:50 0.32cC 0.30cB 1.14aB l.OlaB 2.36bB 2.3 IbA
75:25 0.14dB 0.12dB 0.98bB 0.87bB 2.02cB 2.0 IcA
100:0 0.08dB 0.07dB 0.92bA O.SlbB 1.98cB 2.00cA
0.70 0:100 1.02aA 0.99aA 1.23aB 1.18aB 2.8 laA 2.76aA
25:75 0.98aA 0.94aA 1.2 laB 1.17aB 2.76aA 2.73aA
50:50 0.93aB 0.87aA 1.18aB 1.03bB 2.43bB 2.41bA
75:25 0.45bA 0.38bA 1.06bAB l.OObB 2.16cB 2.16cA
100:0 0.37bA 0.27bA 0.93bA 0.93bA 2.01dB 1.98dA
1.40 0:100 1.12aA 1.03aA 2.02aA 2.00aA 3.02aA 2.96aA
25:75 1.08aA 0.97aA 1.76bA 1.62b A 3.00aA 2.85aA
50:50 1.07bB 0.92aA 1.42cA 1.40cA 2.97aA 2.55bA
75:25 0.53bA 0.37bA 1.17dA 1.14dA 2.85bA 2.36cA
100:0 0.48bA 0.19cB l.OleA 0.97eA 2.43cA 2.1 IdA
f  At each lime rate, means followed by the same small letter within a column are not significantly different at the 0.05 level of 
probability according to the Bonferroni test for factorial combination means. Values in the table are means o f two replications.
|A i  each NH4:N 03 ratio, means due to lime rate followed by the same capital letter within a colum are not significantly 
different at the 0.05 level of probability according to the Bonferroni test for factorial combination means.
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TABLE A.5 Initial NH4-N and N 0 3-N levels in Stough soil after incubation at three lime 
rates.
_____________ Available Nitrogen_______________
Lime rate_________________ NHd-N_____________NO r N______________ S u m ________
g CaO kg '1 ------------------------------- mg kg '1--------------------------------------
0 1.075 0.161 1.236
0.70 1.075 0.376 1.451
1.40 1.613 0.376 1.989
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